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The Effect of Surface-active Agents on Pancreatic Lipase 


By E. D. WILLS 
Department of Biochemistry and Chemistry, The Medical College of St Bartholomew’s Hospital, 
Charterhouse Square, London, E.C. 1 


(Received 15 December 1954) 


It has been known for a considerable time, e.g. 
Rachford (1891), that the addition of bile salts 
increases the rate of hydrolysis of fat by pancreatic 
lipase. Bile salts could speed up the rate of hydro- 
lysis by activating the enzyme molecule, but since 
they are surface-active agents and therefore 
emulsifying agents it is clear that their activating 
effect could be simply due to an emulsification of the 
fatty substrate. A dual role is also possible, i.e. 
a combination of activation and emulsification. 

Evidence available in the literature describing 
the mode of action of the bile salts does not give 
conclusive support for either the emulsification 
or the activation hypothesis. Thus, Willstatter, 
Waldschmidt-Leitz & Memmen (1923) and Will- 
statter & Memmen (1924) studied the activation of 
lipase by bile salt and observed that some crude 
lipase preparations could not be activated. Further, 
addition of ovalbumin and Ca?+ increased the rate of 
fat hydrolysis so that further activation by bile 
salts was sometimes impossible. Bile salts were 
found to activate lipase in an alkaline medium but 
to inhibit it in an acid medium. Weinstein & Wynne 
(1936) found that bile salts, at pH 7-2 and in con- 
centrations 0-5-4x10-4m, had no effect on the 
action of lipase. Glick & King (1932) found that the 
hydrolysis of tributyrin at pH 7-0 was inhibited by 
sodium taurocholate and sodium glycocholate but 
that the hydrolysis of triolein was accelerated. 
Holwerda (1938) concluded that sodium glyco- 
cholate promoted adsorption of the lipase on the fat. 
Krahling & Weber (1938) stated that bile salts 
affect the rate of hydrolysis of water-soluble esters 
by pancreatic lipase without affecting the enzyme— 
substrate affinity. 

It was considered that the use of some synthetic 
detergents which aid fat emulsification would help 
to establish the significance of the role of emulsifica- 
tion in the digestion of fats by lipase. The emulsifica- 
tion theory would, for example, be strongly 
supported if it were found that the synthetic 
detergents, which are very unlikely to be enzyme 
activators, stimulate lipase action. A secondary 
object of the investigation was to establish whether 
these synthetic detergents, which are representative 
of those widely used industrially and domestically, 
had any marked inhibitory effect on the action of 
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digestive lipase. A number of synthetic detergents 
have now been examined; a few preliminary results 
were recorded previously (Wills, 1954). 


MATERIALS 


Lipase 
An extract of hog pancreas prepared as previously described 
(Wills, 1954) was used for most experiments. Ox pancreas 
extract was used for a few experiments. 


Detergents 


Detergents were obtained from the following sources: 

Anionic detergents. Teepol XL (sodium salt of a secondary 
alkyl sulphate), Tergitol 7 (sodium salt of a secondary C,, 
alkyl sulphate), Irgalon BT (sodium salt of ethylenediamine- 
tetraacetic acid) and Manoxol OT (sodium salt of the 
dioctyl ester of sulphosuccinic acid) from British Drug 
Houses Ltd. ; sodium dodecyl sulphate (SDS) from L. Light 
and Co. Ltd.; and Perminal COL (sodium salt of a highly 
sulphonated oil with fatty alcohol-polyethylene oxide 
condensate), Calsolene oil HS (a highly sulphonated oil), 
Dispersol LN (sodium naphthalenesulphonate), Lissapol C 
paste (sodium oleyl sulphate and water), Lissapol LS paste 
(sodium oleyl p-anisidinesulphonate and water) were gifts 
from Imperial Chemical Industries (Pharmaceuticals) Ltd. 

Liquoid Roche (sodium polyanetholsulphonate) was ob- 
tained from Roche Products Ltd. 

Cationic detergents. Hexadecylpyridinium bromide and 
hexadecyldimethylbenzylammonium chloride were ob- 
tained from L. Light and Co. Ltd., Gemex G (constitution 
not available) from British Drug Houses Ltd., and Fixanol 
VR (tetradecylpyridinium bromide) and Lissolamine A50 
paste (hexadecyltrimethylammonium bromide and water) 
were gifts from Imperial Chemical Industries (Pharma- 
ceuticals) Ltd. 

Non-ionic detergents. Stergene (an alkylarylpolyethoxy- 
ethanol) was obtained from Domestos Ltd., and Lubrol MO 
(a fatty alcohol-ethylene oxide condensate), Lubrol W 
(hexadecanol—-polyoxyethylene condensate), Lissapol NX 
(polyoxyethylene condensate), Crill No. 6 (polyoxyethylene 
sorbitan monolaurate) were gifts from Imperial Chemical 
Industries (Pharmaceuticals) Ltd. Digitonin was obtained 
from British Drug Houses Ltd. 


METHODS 
Lipase activity 


Lipase action was estimated by two methods: 
(1) A manometric method at 37° and pH 7-4 was used 
and was essentially that previously described (Wills, 1954) 


Bioch. 1955, 60 





530 


except that in the present series of experiments the triolein 
(0-3 ml.) was usually placed in the main compartment of the 
manometer and the enzyme solution (0-3 ml.) added from 
the side bulb. 

(2) The method of Balls, Matlack & Tucker (1937) was 
used with slight modifications. In a typical experiment 
triolein (1 ml.), M ammonium chloride buffer (pH 8-5, 
2-0 ml.) and water (26 ml.) were placed in a conical flask 
which was corked and shaken at 37° for 10 min. The experi- 
ment was started by adding lipase solution (1 ml.), and 5 ml. 
samples were removed immediately after addition of the 
enzyme and at 15 min. intervals for 60 min. The subsequent 
procedure was as described by Balls e¢ al. (1937). In some 
experiments triacetin or tributyrin was used as substrate. 
In this method the pH of the mixture is kept approximately 
constant by adding ammonia at intervals to bring to pH 8-5 
(as determined by the glass electrode). 

The reaction mixture was mechanically shaken 100 times 
per minute with an amplitude of 4.cm. in both methods. 
Conical Warburg flasks of approx. 20 ml. capacity were 
used for method 1 and 100 ml. conical flasks were used for 
methed 2. 


RESULTS 
Anionic detergents 


The effect of 11 different anionic detergents (Per- 
minal COL, Calsolene oil HS, Dispersol LN, Teepol 
XL, Lissapol C paste, Lissapol LS paste, SDS, 
Tergitol 7, Liquoid Roche, Irgalon BT and 
Manoxol OT) on the hydrolysis of triolein by lipase 
was examined. Each detergent was used in concen- 
trations 0-03—2-0% (w/v) and in each experiment 
was shaken with buffer and triolein for 10 min. 
before the reaction was started by addition of 
lipase. In practically every case when the detergent 
concentration was greater than 0-05 % inhibition of 
lipase action was produced and complete inhibition 
occurred when high concentrations were used; for 
example in concentrations of 0-15 and 0-5 % (w/v) 
respectively, SDS and Teepol XL caused 100% 
inhibition. In general, inhibition was more powerful 
when using the titration method than when using 
the manometric method. Liquoid Roche was the 
only member of this group which caused a stimula- 
tion of the rate of hydrolysis, 0-5 % (w/v) increasing 
the rate about twofold. Perminal COL and Cal- 
solene oil HS were hydrolysed by lipase under 
the conditions of the methods used, particularly 
quickly in the manometric method. 

The hydrolysis of fats by pancreatic lipase is 
accelerated by Ca?+ (Bamann & Laeverenz, 1934; 
Schonheyder & Volquartz, 1945), and in the present 
series of experiments 0-01 M-Ca?+ was found to be an 
optimum concentration and to increase the hydro- 
lysis rate by the factor 7-1. The effect of Manoxol 
(1%, w/v), Irgalon BT (1%, w/v) and SDS (0-01 m) 
on lipase was examined in presence of 0-01 M-Ca?+. 
Hach detergent caused powerful inhibition (90— 
100 %) of the enzyme. 
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For comparison with the effect of detergents used 
in this work sodium taurocholate and sodium 
deoxycholate were tested on lipase in concentrations 
which varied from 0-1 to 5-0 % (w/v). Providing the 
pH was 7:0 or more alkaline the hydrolysis of 
triolein was accelerated, the extent of the stimula- 
tion increasing as the concentration of bile salt was 
increased. The anionic detergents, Irgalon BT 
(1:0 %, w/v), Manoxol (0-1 %, w/v), Calsolene oil HS 
(1:0%, w/v), Perminal C (1:0%, w/v) and SDS 
(0-3 %, w/v) were tested on lipase in presence of 1 % 
(w/v) sodium taurocholate. This concentration of 
bile salt used alone powerfully stimulated the rate of 
triolein hydrolysis but only a little change in this 
rate was caused by addition of the detergent, 
although some of these detergents, when used alone, 
inhibited the hydrolysis. 

Schulman & Cockbain (1940) observed that the 
emulsification of oil by SDS was markedly im- 
proved by dissolving cholesterol (10 mg./ml.) in the 
oil. A solution of cholesterol in triolein (10 mg. 
cholesterol/ml.), was used as substrate for lipase 
and the rate of hydrolysis was found to be increased 
by the factor 2-75 as compared with the rate for 
untreated triolein. Very good emulsification of 
cholesterol-treated triolein was obtained when the 
optimum quantity of SDS (1-75 mg./ml. aqueous 
phase, as suggested by Schulman & Cockbain, 1940) 
was used, but despite the adequate emulsifica- 
tion the rate of hydrolysis was less than that 
of cholesterol-treated triolein in absence of SDS. 
The SDS caused 31% inhibition in this case, 
although the same concentration of detergent 
completely inhibited the hydrolysis of untreated 
triolein. 

Triacetin as substrate. When neutralized triacetin 
was used as substrate, 0-001m SDS gave 58-92% 
inhibition over the pH range 6-2—7-6. Teepol (3 %, 
w/v) completely inhibited the hydrolysis but 0-3 % 
(w/v) Liquoid Roche did not affect it. 

Tributyrin as substrate. Although SDS did not 
stimulate the action of lipase on triacetin or triolein 
under any conditions used, certain concentrations 
of this detergent greatly accelerated the enzymic 
hydrolysis of tributyrin. Strong solutions of SDS 
(0-01M) inhibited the hydrolysis and 0-001m SDS, 
which increased the rate tenfold, was found to be the 
concentration for maximum stimulation. In the 
absence of enzyme, SDS (0-001) had no hydrolytic 
action. Addition of Ca?+ (0-01m), which alone 
stimulated the rate of hydrolysis by the factor 2-4, 
in presence of 0-001 mM SDS gave a rate of hydrolysis 
nearly equal to that of the control (no added Ca?* or 
SDS), i.e. the stimulating effects of both were 
abolished. This may be due to the precipitation of 
SDS as the calcium salt. Manoxol (0-1 %, w/v) was 
also tested and found to-increase the rate of hydro- 
lysis of tributyrin by the factor 4-0. 
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The effect of cationic detergents 


Five cationic detergents in concentrations which 
varied from 0-001 to 2-0% (w/v) were tested for 
their effects on lipase action. All these cationic 
detergents, hexadecylpyridinium bromide, Fixanol 
VR, Lissolamine A50 paste, hexadecyldimethyl- 
benzylammonium chloride and Gemex G, were 
found under certain conditions to increase the rate 
of hydrolysis of triolein. In general, stimulation was 
greater when using the manometric method than 
when using the titration method. The concentration 
of detergent which gave the most powerful stimula- 
tion was not the same for each method; thus, when 
using the titration method, maximum stimulation 
(2-5 times the control rate) for hexadecylpyridinium 
bromide was obtained in 0-:04% (w/v) solution 
but using the manometric method for maximum 
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Fig. 1. The effect of hexadecylpyridinium bromide on the 
hydrolysis of triolein by lipase. The rate of hydrolysis is 
expressed in arbitrary units, taking that of the control in 
absence of detergent as 100. The rate of acid liberation in 
the control experiment was 0-32 m-equiv./hr. 


stimulation (11-0 times the control) was obtained at 
0-15% (w/v). The difference in concentrations for 
maximum stimulation is considered to be due 
mainly to the different oil/aqueous phase ratio used 
in the two methods, it being 1/10 (v/v) in the mano- 
metric method and 1/30 (v/v) in the titration 
method. Results using various concentrations of 
hexadecylpyridinium bromide are summarized in 
Fig. 1, which shows that a certain concentration of 
detergent gives powerful stimulation but that more 
concentrated solutions cause inhibition. Emulsifi- 
cation was observed to be most effective, judged 
visually, in those experiments in which powerful 
stimulation was produced. The increase of hydro- 
lysis rate was found to depend essentially on the 
detergent/oil ratio, as shown in Table 1 where the 
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quantity of triolein and the detergent concentration 
were both varied. It will be seen that, as more 
triolein is used, more detergent is necessary to give 
the maximum rate and that this maximum appears 
to be when the ratio by wt. hexadecylpyridinium 
bromide/triolein is approx. 0-01, whatever the 
quantity of triolein. Hexadecylpyridinium bro- 
mide (0-01m) did not hydrolyse triolein to any 
measurable extent in absence of enzyme. 


Table 1. The effect of hexadecylpyridinium bromide 
on triolein hydrolysis when the detergent/triolein 
ratio is varied 


The titration method was used for all the experiments. 
The rate of acid liberation expressed as m-equiv./hr. was 
0-46 in control experiment (1), 0-37 in control (2) and 0-32 
in control (3). 


Rate of 
Ratio hydrolysis 
Detergent triolein/ (% of control 
concn. detergent without 
(10-2) (by wt.) detergent) 
(1) Using 4-5 g. triolein and 15 ml. aqueous phase 
1-33 60 195 
0-67 119 195 
0-27 298 145 
0-13 596 47 
(2) Using 1-83 g. triolein and 20 ml. aqueous phase 
1-0 24 28 
0-5 48 50 
0-2 119 178 
0-1 238 103 
(3) Using 0-915 g. triolein and 30 ml. aqueous phase 
1-0 7-9 30 
0-2 40 90 
0-1 80 250 
0-05 158 190 
0-033 238 127 
0-02 396 110 


In all experiments so far described triolein was 
mixed with detergent and buffer and the hydrolysis 
started by addition of enzyme. If, however, the 
order of addition was altered so that the detergent 
had prior contact with the enzyme and the experi- 
ment was started by adding triolein, 0-001™m 
hexadecylpyridinium bromide, which strongly 
activated if first mixed with triolein, now produced 
marked inhibition (Fig. 2). 

Cationic detergents in concentrations which in- 
creased the rate of triolein hydrolysis in absence of 
Ca?+ were tested in the presence of 0-01M-Ca?+. 
Gemex G and Fixanol VR were the only detergents 
which stimulated the rate of hydrolysis, Gemex G 
increasing the rate to 3-3 times the control rate. 
Lissolamine A50 (0-05 %, w/v) and 0-001m hexa- 
decylpyridinium bromide strongly inhibited, al- 
though these detergents stimulated at these concen- 
trations in absence of Ca?*. 

34-2 
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The five cationic detergents were tested on lipase 
in presence of 0-3, 0-5 and 1:0% (w/v) sodium 
taurocholate. All detergents were used in concen- 
trations which, when used alone, increased the rate 
of triolein hydrolysis, but in most cases the same 
concentration of detergent used with the bile salt 
gave a rate of hydrolysis which was less than that 
when using the bile salt alone. In those cases where 
the rate of hydrolysis was increased, the resulting 
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Fig. 2. The effect of 0-001 m hexadecylpyridinium bromide 
on hydrolysis of triolein by lipase when the order of 
addition of the reactants is varied. A, hexadecyl- 
pyridinium bromide added to triolein and the experi- 
rent started by addition of enzyme after 15 min.; 
B, triolein and enzyme without detergent; C, hexa- 
decylpyridinium bromide added to the enzyme and the 
experiment started by addition of triolein after 15 min. 





rate was always considerably less than the sum of 
the rates of hydrolysis produced by the addition of 
either the bile salt alone or detergent alone. For 
example, in one experiment sodium taurocholate 
alone increased the hydrolysis rate 10-4 times whilst 
Lissolamine A 50 increased the rate 6-0 times; if both 
detergent and bile salt were added together the 
control rate was increased 10-0 times, i.e. the effect 
was very little different from that of the bile salt 
alone. If, however, as has been previously noted for 
hexadecylpyridinium bromide, the detergent had 
prior contact with the enzyme, complete inhibition 
was produced even though bile salt was present. 
Hexadecylpyridinium bromide (0-01 and 0-005) 
caused strong inhibition of the hydrolysis of triolein 
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containing cholesterol (10 mg. cholesterol/ml. tri- 
olein). 

Triacetin as substrate. Hexadecylpyridinium 





bromide used in concentrations which increased the 
hydrolysis rate of triolein was tested on the hydro- 
lysis of triacetin. This detergent inhibited the 
enzyme action at all concentrations tested. Thus, 
0-004m hexadecylpyridinium bromide caused 93 % ; 
0-002m, 79%; 0-001m, 45%; and 0-0003m, 23% 
inhibition. 

Tributyrin as substrate. The effect of hexadecyl- 
pyridinium bromide on tributyrin hydrolysis was 
examined using the titration method. As with 
triolein hydrolysis, a critical concentration of 
detergent, in this case about 0-0005M, was found to 
give optimum hydrolysis of tributyrin. 


The effect of non-ionic detergents 


Six non-ionic detergents (Lubrol MO, Lubrol W, 
Lissapol NX, Crill No. 6, digitonin and Stergene) 
were tested in concentrations ranging from 0-01 to 
5-0% (w/v). These non-ionic detergents inhibited 
triolein hydrolysis by lipase when used in high con- 
centrations; thus for example 1-0 % (w/v) digitonin 
caused 60% inhibition and 0-1% Lissapol NX 
80 % inhibition; all these detergents had no effect in 
solutions less than 0-02 % (w/v). Of the detergents 
tested, only Lubrol MO, which is insoluble in water 
and was used as a suspension, was found to increase 
the rate of hydrolysis, and this only to a small 
extent. 

Stergene and digitonin were tested in presence 
of 0-01m-Ca*+. Stergene (1%, v/v) caused 8% 
inhibition of triolein hydrolysis in presence of 
0-01 M-Ca?+ whilst digitonin (1%, w/v) caused 60% 
inhibition under these conditions when tested 
manometrically. 

Stergene (10%, v/v) completely inhibited the 
hydrolysis in presence of 0-3% (w/v) sodium 
taurocholate, but 1% (v/v) Stergene had no effect 
under these conditions. 

Triacetin as substrate. Stergene (10%, 
caused 67 % inhibition of triacetin hydrolysis. 

Tributyrin as substrate. Lissapol NX was found to 
inhibit tributyrin hydrolysis: 1% (w/v) produced 
100 % inhibition; 0-5% (w/v), 94%; 0-1% (w/v), 
70%; 0-025 % (w/v), 46%. These results were thus 
comparable with those obtained using triolein. 


v/v) 


Ox pancreas enzyme 


The lipase extracted from ox pancreas was tested 
in some experiments using SDS, hexadecylpyri- 
dinium bromide and Lissolamine A 50. The activity 
of the preparation was less than that of the hog 
enzyme but in general the results using these 
detergents agreed closely with those previously 
recorded in this paper. 











DISCUSSION 


Most of the anionic detergents tested were found 
to inhibit lipase action, Liquoid Roche being the 
only anionic detergent found to produce an in- 
crease in the rate of triolein hydrolysis, and this 
increase was very small. When sodium taurocholate 
(1%, w/v) was added, however, the anionic deter- 
gents had little or no effect on the rate of triolein 
hydrolysis, the enhanced rate of hydrolysis due to 
presence of bile salt remaining practically un- 
changed. The detergents used, e.g. 0-01m SDS, 
powerfully inhibited the enzyme in absence of bile 
salt so that the bile salts must have exerted some 
protective action. 

Addition of cholesterol to triolein strongly 
stimulates the rate at which this fat is hydrolysed by 
pancreatic lipase. This fact suggests a possible role 
for the cholesterol in bile, which is usually stated to 
contain 0-4 % (w/v) cholesterol, so that 1 ml. bile will 
be capable of activating 40 ml. triolein under the 
conditions used in the present investigation. The 
addition of an aqueous solution of SDS to a solution 
of cholesterol in triolein produced a very good 
stable emulsion but the rate of hydrolysis of this 
emulsion was low and less than the control using an 
unemulsified oil. It is clear therefore that good 
emulsification alone is insufficient to give a rapid 
rate of hydrolysis. Possible stimulation of the rate 
of hydrolysis by the emulsification is apparently 
overcome by the powerful inhibitory effect of SDS 
on the enzyme. 

Results of experiments using the non-ionic 
detergents are in agreement with those found for the 
Tweens 20, 60 and 80 (Atlas Powder Co.) by 
Minard (1953). Lubrol MO in high concentration 
was the only member of this group which would 
produce any increase in the rate of hydrolysis under 
any conditions tested. 

All cationic detergents used in this series of 
experiments when tested under suitable conditions 
produced an increase in the rate of hydrolysis of 
triolein. For each detergent a critical concentration 
was found which produced maximum stimulation, 
but when more concentrated solutions were used 
inhibition usually occurred (Fig. 1). If excess 
detergent is added, although emulsification may 
still appear to be good as judged by eye, there will 
almost certainly be surplus detergent in the aqueous 
phase, which will cause inhibition of the enzyme. At 
the critical concentration the detergent and oil are 
probably closely bound in globules in the emulsion 
and the detergent is then prevented from inhibiting 
the enzyme. That these detergents will inhibit 
lipase is clearly shown in Fig. 2 where the normal 
order of addition is reversed. In this experiment 
hexadecylpyridinium bromide, at a concentration 
which increased the hydrolysis rate when added to 
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the triolein, inhibited when added first to the 
enzyme. Emulsification does appear, however, to be 
an important factor in increasing the velocity of 
hydrolysis, since in general it was observed that the 
hydrolysis rate was greatest when the emulsification 
was best, provided the least quantity of detergent 
which would produce this emulsification was used. 
At their critical concentrations the cationic deter- 
gents tested are much more effective weight for 
weight than the natural bile salts tested. Thus, for 
example, 1 % (w/v) sodium deoxycholate increased 
the rate of hydrolysis of triolein by the factor 7-5, 
whilst under the same conditions 0-:05% (w/v) 
hexadecylpyridinium bromide increased the velocity 
by 14-3; thus the detergent is nearly 40 times more 
effective than the bile salt. The fact that the posi- 
tively charged cationic detergents increased the rate 
of triolein hydrolysis so effectively is surprising in 
view of the fact that the natural activators, the bile 
salts, are anionic and negatively charged. Although 
in dilute solutions the cationic detergents tested 
increase the rate of hydrolysis, they inhibit in 
concentrated solution, a property that is not 
shared by the bile salts, which do not inhibit at any 
concentration up to the maximum tested (5%, 
w/v), in neutral or in alkaline solution. 

Experiments using cationic detergents and bile 
salts show that, in the main, these detergents 
cannot stimulate the hydrolysis over and above that 
produced by 1 % (w/v) sodium taurocholate. In no 
case were the increase of rate due to bile salt alone 
and that due to detergent alone additive, and in 
several cases a mixture of bile salt and detergent in 
optimum concentration gave a rate which was less 
than that of the bile salt used alone. These results, 
it is considered, support the view that the main 
function. of bile salts is to emulsify the triolein, 
since if they were true enzyme activators their 
addition to the oil, already well emulsified by 
detergent and giving a rapid hydrolysis with un- 
treated enzyme, should give a much more rapid rate 
if the bile salt was also added. If, however, the role 
of the bile salt is primarily one of emulsification, 
then the results may be easily explained on the 
view that emulsification is adequate, using either 
detergent or bile salt, and addition of the two 
together would not be expected to produce a rate 
greater than that using bile salt alone. 

Hexadecylpyridinium bromide inhibited 
acetin hydrolysis in a concentration which increased 
the rate of triolein hydrolysis. Since under these 
conditions the detergent is not a true enzyme 
activator and not bound up in an emulsion, it is free 
to inhibit the lipase. 

The fact that many of the detergents used were 
commercial samples and not pure substances did 
not affect essentially the interpretation of the results, 
which were always strictly comparable within each 
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class, anionic, cationic or non-ionic. In each class of 
detergent at least one member was used which was 
a known substance, e.g. sodium dodecyl] sulphate in 
the anionic class, hexadecylpyridinium bromide in 
the cationic class, and digitonin in the non-ionic 
class. The pattern of the effect of the pure member 
of the class on lipase was nearly always closely 
followed by each member of the class; thus, the 
behaviour of impure Teepol was closely similar to 
that of SDS and the behaviour of impure Lissol- 
amine A50 to that of hexadecylpyridinium bro- 
mide. The behaviour of the detergent towards 
lipase has thus been related essentially to the nature 
of the detergent charge. 

It may be said in summarizing that concentrated 
solutions of nearly all the anionic and non-ionic 
detergents tested inhibit lipase, but although all 
these detergents are good emulsifying agents, 
stimulation of enzymic hydrolysis due to the 
emulsification is completely overcome by the 
powerful inhibitory action of the detergents on the 
enzyme. All cationic detergents tested, however, 
when used so that there is a critical detergent/ 
triolein ratio, powerfully stimulate the hydrolysis on 
account of their emulsifying power. The detergent 
at this critical concentration can give adequate 
emulsification of the fatty substrate, but in this 
case the concentration of detergent in the aqueous 
phase is not great enough to inhibit the lipase. The 
cationic detergents inhibit lipase, either if they are 
used in high concentrations or if they are brought 
into contact with the enzyme before the triolein. 
Bile salts appear to be ideal emulsifying agents, 
since they do not inhibit triolein hydrolysis even at 
high concentrations. The evidence, whilst not 
conclusive, suggests that the essential role of the 
bile salts is to emulsify the fatty substrates rather 
than to act as true lipase activators. 


SUMMARY 


i. The majority of anionic detergents tested 
inhibited enzymic hydrolysis of triolein in high con- 
centrations and all had no effect in dilute solutions. 
Liquoid Roche increased the velocity of triolein 
hydrolysis. 


Sodium dodecyl sulphate inhibited 
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triacetin hydrolysis'but strongly stimulated tri- 
butyrin hydrolysis. 

2. Cationic detergents, when used under certain 
conditions, markedly increased the velocity of 
triolein hydrolysis by lipase. The increased rate of 
hydrolysis produced by. these detergents and that 
produced by bile salts were not additive. Hexa- 
decylpyridinium bromide inhibited triacetin hydro- 
lysis but increased the rate of tributyrin hydrolysis. 

3. Non-ionice detergents, with the exception of 
Lubrol MO, which caused a small increase in rate, 
had no effect on the rate of triolein hydrolysis used 
in dilute solutions and inhibited lipase in concen- 
trated solutions. 

4. Cholesterol added to triolein has been found to 
increase the velocity of hydrolysis of triolein by 
lipase. ; 

5. Experimental evidence, though not con- 
clusive, supports the hypothesis that the main role 
of the bile salts is to emulsify the fatty substrates 
rather than to act as lipase activators. 


The author wishes to express his thanks to Professor A. 
Wormall for advice and interest in this work and to Mr S. 
Ellingworth of Imperial Chemical Industries (Pharma- 
ceuticals) Ltd. for gifts of several of the detergents used. 
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Disulphide Interchange Reactions 
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In studies designed to determine the distribution of 
the disulphide bridges, insulin was hydrolysed with 
cold concentrated hydrochloric acid and many more 
cystine peptides were obtained than could be 
accounted for by a unique structure for insulin. This 
result led to the suspicion that an interchange 
reaction took place at the disulphide bonds, and 
this suspicion was confirmed by experiments with 
model disulphides (Sanger, 1953). This paper 
reports the results of some further studies on the 
disulphide interchange reaction in acid, neutral and 
slightly alkaline solutions, which were made with 
the aim of finding how, and under what conditions, 
the interchange occurred, and particularly how it 
might be prevented during studies on the arrange- 
ment of the disulphide bonds of proteins. 

In acid solution the reaction has been studied 
using a model system consisting of L-cystine and 
NN’-bis-2:4-dinitrophenyl-L-cystine (bisDNP-cys- 
tine). The coloured product of the reaction, unlike 
bisDNP-cystine, is not extracted from acid solution 
by ether, so that the progress of the reaction can 
readily be followed spectrophotometrically. It was 
assumed to be N-2:4-dinitrophenyleystine (mono- 
DNP-cystine), and this has now been confirmed by 
isolation of the crystalline compound. The above 
model system could not be used for quantitative 
studies in neutral solutions because of the in- 
solubility of cystine, which was therefore replaced 
by the more soluble cystylbisglycine or by oxidized 
glutathione (GSSG). A preliminary report of this 
work has been published (Ryle & Sanger, 1954). 


EXPERIMENTAL 


Materials 


BisDNP-t-cystine was prepared by the method of Porter & 
Sanger (1948) and t-cystylbisglycine by the method of 
Bailey (1950). The insulin used was batch 9011G obtained 
from Boots Pure Drug Co., Nottingham. 

Product of reaction between cystine and bisDN P-cystine. 
L-Cystine (100 mg.) and bisDNP-cystine (500 mg.) were 
dissolved in a mixture of 10 ml. 12N-HCl and 20 ml. acetic 
acid and allowed to stand at room temp. for 3-4 days. 
From part of the resulting mixture a small quantity of the 
product was obtained in crystalline form in the following 
way. The solution was diluted with 2 vol. of water, extracted 
with ether to remove unchanged bisDNP-cystine and con- 


* Member of the Scientific Staff of the Medical Research 
Council. 


centrated to a small volume by evaporation in vacuo at 40°. 
A column of tale (Hopkins and Williams Purified B.P.C., 
previously washed with n-HCl) 3-5 cm. high and 4-5 cm. in 
diameter was prepared and washed with 0-1N acetic acid 
under applied pressure 5-10 cm. Hg to hasten the flow. The 
yellow solution was poured on to the top of the column and 
washed through with 0-1N acetic acid. Although the yellow 
material did not stick fast to the tale, the emerging liquid 
was found to be free of chloride before it reached the bottom 
of the column. At this stage the eluting liquid was changed 
to ethanol-n acetic acid (80:20, by vol.) and the yellow 
solution was collected as it came off the column. This solu- 
tion was extracted with ether to remove ethanol and any 
bisDNP-cystine not already removed, and after concentra- 
tion by evaporation in vacuo at 40° yellow crystals appeared 
on cooling. A second crop of crystals was obtained by 
further concentration of the mother liquor. The crystals 
were quickly washed with 0-2 acetic acid and dried in a 
vacuum desiccator. Under the microscope they appeared as 
bunches of fine yellow needles, m.p. 179° (uncorr.). 

The preparation and characterization of monoDNP-L- 
cystine (m.p. 187°) has now been described by Bettelheim 
(1955). 

The crystalline material was chromatographed on paper 
together with a sample of monoDNP-cystine kindly given 
us by Dr V. du Vigneaud. The unknown material moved as 
a single yellow spot which turned brown on treatment with 
ninhydrin. In descending runs (Whatman no. 1 paper) Rp 
values were: 0-64 in phenol-0-3% aq. NH, (Sanger & 
Tuppy, 1951); 0-84 in butanol-acetic acid—water (Partridge, 
1948); 0-07 in éert.-amyl alcohol—phthalate buffer (pH 6) 
(Blackburn & Lowther, 1951). Both the authentic and the 
unknown material moved at the same speed in each 
case, 

A small amount of the material was oxidized with 0-1 ml. 
performic acid solution (30% (w/v) H,O,-formic acid, 
1:9 by vol.) at room temp. for 15 min. The formic acid was 
removed by repeated drying in vacuo and the residue 
chromatographed in the same three systems as before. In 
each case one yellow spot which did not react with nin- 
hydrin and one ninhydrin-reactive spot appeared. These 
spots ran at the same speeds as DNP-cysteic acid (Sanger & 
Thompson, 1953) and cysteic acid respectively (see Table 1). 
The product is thus confirmed to be monoDNP-cystine. 

The light absorption of the material in N-HCl and in 
1% (w/v) NaHCO, was measured in the Beckman spectro- 
photometer. Beer’s law was obeyed at the concentrations 
studied (less than 50 um). The absorption is close to that of 
e-DNP-lysine (Sanger, 1949). Absorption curves for acid 
and alkaline solutions are shown in Fig. 1. 


The course of the interchange reaction in acid solution 


The model system of cystine and bisDNP-cystine was 
used. In the experiments in HCl solution the reactants were 
dissolved separately in 12N-HCl and on mixing were 
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Table 1. R, values of oxidation products of monoDNP-cystine 


Authentic 
DNP-cysteic 


acid 
0-50 


Solvent system 
Phenol-0-3 % aq. NH, 
(Sanger & Tuppy, 1951) 
Butanol-acetic acid—water 
(Partridge, 1948) 


tert.-Amyl alcohol-phthalate 
buffer (pH 6) (Blackburn & 
Lowther, 1951) 


0-73 


0-02 


Authentic 
cysteic 
acid 


0-08 


Ninhydrin- 
reactive 
spot 
0-08 


Yellow 
spot 
0-50 

0-15 


0-74 0-16 


0-02 0-00 0-00 





07 


06 


05 


° 
+ 


2? 
w 


Optical density 


2° 
nN 





01 


a Ag 
300 310 320 330 340 350 360 370 380 390 
Wavelength (mjz.) 


Fig. 1. Absorption curves of DNP derivatives of cystine: 
@—@, 4:0.m monoDNP-cystine in n-HCl; O—O, 
4-0um monoDNP-cystine in 1% NaHCO;; x—x, 
2-0um bisDNP-cystine in 1% NaHCO. 

diluted with HCl whose strength was such that the final 
mixture would be of the desired molarity. In this way the 
same stock solutions of reactants were used in all the experi- 
ments at different HCl concentrations. The incubations 
were carried out in a water bath at 35°. To follow the course 
of the reaction samples (2 ml.) were taken from time to 
time, pipetted into 4 ml. of water and shaken with 2 ml. 
ether. The ether was sucked off and the extraction repeated 
with a further 2 ml. ether. Trial experiments showed that 
this procedure was sufficient to remove the bisDNP-cystine 
from the aqueous phase. A sample from this phase was then 
diluted to a suitable volume and the absorption at 350 my. 
of the resulting solution was read in the Beckman spectro- 
photometer against water. The amount of monoDNP- 
cystine formed in each ml. of reaction solution was caleu- 
lated from the absorption. 


The course of the reaction in neutral and 
slightly alkaline solutions 


The low solubility of cystine in neutral solution prevented 
its use in these experiments, so cystylbisglycine was used 
instead. The reactions were carried out in buffer solutions in 
a water bath at 35°, and were followed by the same means as 
in the experiments in acid solution except that the samples 
were pipetted into 2 vol. of N-HCl instead of into water. 

The experiments in the absence of oxygen were carried 
out in Thunberg tubes in which the solutions of the two 
reactants were evacuated before being mixed. The tubes 
were re-evacuated after each sample had been taken. 


RESULTS 


Disulphide interchange in acid solution 


Effect of acid. Fig. 2 shows the course of the 
reaction in various concentrations of HCl at 35°. It 








0 > 10 15 20 25 


Time (hr.) 


Fig. 2. Reaction of 10-*m cystine and 10-*m bisDNP- 
cystine in HCl at 35°: x — x, 10N-HCl; @—®, 9n-HCl; 
O—O, 7N-HCl; +—+, 5N-HCI. 


the concentration of acid falls below 9N. It was 
impossible to study the reaction at this temperature 
in solutions more dilute than 5N because of the 
insolubility of bisDNP-cystine. The results of some 
experiments carried out at 100° with more dilute 
acid are given in Table 2. Here excess cystine was 
used and the results are expressed as percentage of 
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the maximum interchange reaction theoretically 
possible if all the bisDNP-cystine were converted 
into monoDNP-cystine. In conc. acid the reaction 
is much more rapid in HCl than in corresponding 
strengths of H,SO,, though in dilute acids the 
reverse is the case. In 0-01N acids or in water the 
reaction was more rapid than in 0-1N acid but there 
was some production of H,S, suggesting that other 
reactions were taking place. The reaction is at a 
minimum in 2N-H,SO, or in approx. 0-5N-HCI. 


Table 2. Interchange reaction in various 
concentrations of HCl and H,SO, at 100° 


3x10-4m bisDNP-cystine refluxed 2 hr. in acid with 
10-2 cystine. Figures are % theoretically possible inter- 
change reaction. 


% % 
Normality interchange interchange 
of acid in HCl in H,SO, 
0-1 4-6 18 
0-5 — 3-3 
1-0 4:7 2-8 
2-0 — 1-5 
3-0 - 2-3 
5-0 26 4:7 


formed /ml. 





moles monoDNP-cystine 


0 1 2 3 4 5 
Time (hr.) 


Fig. 3. Effect of cysteine on interchange reaction in acid 
solution: 10-*m cystine, 10-*m bisDNP-cystine, 10N-HCl, 
35°. Cysteine hydrochloride was added to give the 
following molar SH/SS ratios: x— x, 0; @—@, 10-3; 

+—+, 10-2; O—O, 10-1. 


In an experiment at 35° with 10-*m cystine and 
10-*m bisDNP-cystine in 10N-H,SO, containing 
50% (v/v) acetic acid in order to bring the DNP 
compound into solution the rate of disulphide inter- 
change was found to be low, 10% of the bisDNP- 
cystine having reacted after 24 hr. and 45% after 
5 days. 

Effect of added thiol. Huggins, Tapley & Jensen 
(1951) described the gelation of various proteins in 
cone. urea solutions and produced evidence indi- 
cating that it was brought about by the rearrange- 
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ment of some of the disulphide bonds of the protein, 
the rearrangement occurring by reaction between 
disulphide groups and thiols: 


R'SSR? + R°SH = R'!SSR*+ R2SH. 


It seemed possible that the disulphide interchange 
reaction studied here might occur by the same 
means. If this were so, the addition of thiols should 
accelerate the interchange reaction. Fig. 3 shows 
the effect on the reaction in 10N-HCl of adding 
varying quantities of cysteine hydrochloride. It is 
apparent that, rather than accelerating the reaction, 
cysteine markedly inhibits it. 

Conditions for protein hydrolysis. The above 
results suggest that the interchange reaction is 
slower in high concentrations of H,SO, than in 
corresponding concentrations of HCl and that it is 
markedly inhibited by thiols. In order to determine 
how much interchange occurred during various 
conditions for the hydrolysis of insulin, samples of 
insulin (10 mg./ml.) were allowed to hydrolyse in 
the presence of bisDNP-cystine (0-02m), and the 
amount of coloured material remaining in the 
aqueous solutions after ether extraction was taken 
as a measure of the extent of the interchange 
reaction. This colour is due to a mixture of peptides 


of the type 
DNP-Cy 


S 


| 
8 


1 


R,.Cy.R, 


The results are given in Table 3 as the number of 
disulphide bonds of insulin that have reacted, 
assuming that when one such bond has reacted two 
DNP groups appear in the aqueous phase. It can be 
seen from Table 3 that no appreciable interchange 
occurs in 10 days when the hydrolysis is carried out 
at 37° with 10N-H,SO, in the presence of thiol, and 
there is only a very little after hydrolysis in the same 
solution at 100° for 2 hr. These two sets of conditions 
were used for the hydrolyses of insulin to determine 
the arrangement of the disulphide bonds (Ryle, 
Sanger, Smith & Kitai, 1955). 

Similar experiments with cystine and bisDNP- 
cystine yielded similar results. The interchange 
reaction at 35° between 10-*m cystine and 10-*m 
bisDNP-cystine in 10N-H,SO, in 50% acetic acid 
was completely inhibited by 1-1x10-5m thio- 
glycollic acid, no reaction being detectable after 
5 days. At 100° 1-1x10-*m thioglycollic acid 
provided complete inhibition of interchange over 
1 hr., while in the same time in the presence of 
1-1x10-5m thioglycollic acid 15% interchange 
occurred. 
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Table 3. Interchange reaction occurring during the hydrolysis of insulin 


0-02m bisDNP-cystine; 10 mg. insulin/ml. 


Temp. 
Acid (°) 
12Nn-HCl* 37 
5-7N-HCl in 50% (v/v) acetic acid* 37 
10n-H,SO, in 50% (v/v) acetic acid 37 
10N-H,SO, in 30% (v/v) acetic acid 100 
10n-H,SO, in 30% (v/v) acetic acid 100 





23454783 9 6 @ 
Time (hr.) 


Fig. 4. Reaction of 10-*m cystylbisglycine and 10-*m 
bisDNP-cystine in 0-017M-Na,HPO,-KH,PO, buffer 
(pH 7-2), 35°. Effect of thiol and oxygen. @—®, 1, no 
EDTA, not evacuated; A—A, 2, as 1, with addition of 
10-*m GSH; +—+, 3, with 0-01mM EDTA, not evacuated; 
x— x, 4, with 0-01m EDTA, evacuated. 





Disulphide interchange in neutral and 
slightly alkaline solutions 


Some preliminary experiments indicated that in 
neutral solution the disulphide interchange occur- 
ring between bisDNP-cystine and cystylbisglycine 
was catalysed by the addition of thiols, and since 
thiols are oxidized by oxygen in neutral solution in 
the presence of traces of heavy metal it seemed 
possible that the reaction might proceed faster if 
oxygen were removed, or oxidation prevented, by 
the addition of some chelating agent such as 
ethylenediaminetetraacetate (Versene). 

In Fig. 4 are shown the results of some experi- 
ments which indicate that this is the case. The 


1955 
_Approx. no. 
—s8.S— 
bonds reacting/ 
molecule 
insulin 
Additions Time (mol.wt. 6000) 
— 1 hr. 0-3 
2 hr. 0-65 
5 hr. 1-2 
10-*m cysteine 1 day 0-35 
4 days 1-0 
10 days 1-35 
2 x 10-*M cysteine 5 days 0 
10 days 0-01 
— 30 min. 0°35 
90 min. 0-7 
5 x 10-*m thioglycollic 35 min. 0-05 
acid 120 min. 0-15 


* 2x10-%m-bisDNP-cystine; 1 mg. insulin/ml. 


+10 M cysteine 
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Fig. 5. Reaction of 10-°m cystylbisglycine and 10-‘m 
bisDNP-cystine in 0-017M-Na,HPO,-KH,PO, buffer 
(pH 7-2), 35°, in evacuated tubes with 0-01m EDTA. 
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reaction in the presence of added thiol is rapid at the 
start but falls off sharply when oxygen is present 
and no ethylenediaminetetraacetate (abbr. EDTA) 
is added, presumably when the thiol has been 
oxidized. In the absence of added thiol the reaction 
is most rapid when oxygen is excluded and EDTA is 
added. In the presence of oxygen it is rather faster 
when EDTA is present than when none is added, so 
that it appears that the chelating agent has some, 
but not a complete, protective effect. 

Fig. 5 shows the course of the reaction between 
10-*m cystylbisglycine and 10-4m bisDNP-cystine 
(one-tenth of the concentration of the DNP com- 
pound used before). Catalysis by added thiol is 
again observed, and almost complete inhibition by 
N-ethylmaleimide (NEMI). 

Fig. 6 shows the course of the reaction between 
GSSG and bisDNP-cystine. The rate is greater at 
the higher pH, and the reaction is almost completely 
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inhibited by the addition of p-chloromercuriben- 
zoate (pCMB). 

A curious feature of the interchange reaction in 
neutral solution in the absence of oxygen was the 
lag phase of somewhat variable duration occurring 
at the start of the reaction. In Fig. 7 are shown the 
results of four experiments which are identical, 
except that in two tubes freshly prepared solutions 
of the reactants were used, while in the other two 
solutions which had stood under vacuum at 37° for 
16 hr. were used. In the experiments with these 
‘aged’ solutions there is no lag phase. 





oe ee SS 
= Nw RU OO 





moles mixed disulphide 
formed /ml 


0 —— 
Ot 2 Fe S$. 6 7 & 318. 22 
Time (hr.) 


Fig. 6. Reaction of 0-8 x10-°m GSSG with 0-8 x 10-°m 
bisDNP-cystine in 0-017M-Na,HPO,-KH,PO, buffer at 
35° in evacuated tubes. x—x, pH 8-0 with 0-0lm 
EDTA; @—®@, pH7-:2 with 0-0lm EDTA; +—+, 
pH 7-2, without EDTA; A—A, pH 7-2, with 0-8 x 10-*m 
p-chloromercuribenzoate. 
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Time (hr.) 


Fig. 7. Reaction of 10-*m cystylbisglycine and 10-°m 
bisDNP-cystine in 0-017mM-Na,HPO,-KH,PO, buffer 
(pH 7-2), 0-Olm EDTA, 35°; @—@, ‘aged’ solutions of 
disulphides; x — x, fresh solutions of disulphides. 


DISCUSSION 


The most striking feature of the results reported 
above is the difference in the response of the di- 
sulphide interchange in acid and neutral solutions to 
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the addition of thiols. The finding that thiols inhibit 
the reaction in acid solution and catalyse it in 
neutral solution must indicate that the mechanism 
under the two conditions is different. This con- 
clusion accords well with the finding that the rate 
passes through a minimum in dilute acid and is 
greater in strongly acid or neutral solutions (Table 2). 

The inhibition of the interchange reaction in 
neutral solution by NEMI which combines rapidly 
and quantitatively with thiols (Friedmann, Mar- 
riann & Simon-Reuss, 1949), by pCMB, which 
similarly removes thiols from solution (Hellerman, 
Chinard & Deitz, 1943), and by oxygen, and its 
catalysis by added thiol indicates that it is here 
carried by thiol groups in the same manner as the 
gelation reaction of Huggins et al. (1951). A catalytic 
amount of thiol must be produced from the di- 
sulphides, presumably by hydrolytic fission (Cecil, 
1950), so that the interchange reaction would 
proceed as follows: 


R'SSR!+OH sR'S + R'SOH 
R*SSR?+ RIS + R'SSR?2+ R2S~ 
R*S” + R1SSR1s;5 R4SSR?+ RIS" ete. 


At higher pH values the concentration of RS™ 
produced by the initial reaction with OH” would be 
greater, so that the overall interchange reaction 
would be found to proceed faster, as observed in 
Fig. 6. 

If it is assumed that the hydrolytic attack on the 
disulphides is slow, this mechanism may explain the 
lag phase observed in experiments in which fresh 
solutions of the disulphides were employed, as 
opposed to those in which ‘aged’ solutions were 
used (Fig. 7): in the experiments with fresh solution 
thiols are slowly formed from the disulphides 
during the lag phase, while in the experiments with 
‘aged’ solutions the thiols will have been formed 
before the start of the experiment. 

The inhibition of the interchange by thiol- 
binding reagents is most striking and, as described 
in the succeeding paper, such reagents have been 
employed in preventing interchange in neutral 
solutions during studies on protein disulphides. 

It may not be out of place to speculate on the 
role which disulphide interchange reactions play 
in living systems. In the experiments described 
above a quite rapid interchange took place under 
neutral conditions in the presence of 10-*m gluta- 
thione (3 mg./100 ml.) or cysteine. In the blood the 
concentration of glutathione found by Benedict & 
Gottschall (1933) is about 40 mg./100 ml. corre- 
sponding to about 80 mg./100 ml. for the red blood 
corpuscles in which all the glutathione is found. 
Bartlett & Stevenson (1954) give a lower figure, 
about 23 mg./100 ml., for whole blood and about 
170 and 15 mg./100 g. wet weight for the liver 
and muscle, respectively, of growing rats. If it is 
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assumed that the glutathione is distributed uni- 
formly through these two last tissues its concentra- 
tion ranges from 0-5 to 5-0 mm—rather higher than 
that used in the experiments described above. 

The conditions in the body are therefore such as 
could promote a rapid disulphide interchange, so 
that any small disulphides would be expected to 
react in this way. Whether such interchange can 
occur within and between protein molecules in vivo 
will depend on the rigidity of the protein structure 
and on the extent to which the disulphide bonds are 
accessible to glutathione. While little is known of the 
latter factor, the observations of Huggins e¢ al. 
(1951) on the urea-induced gelation of albumins (a 
reaction which is essentially a disulphide inter- 
change reaction) indicate that with these proteins 
interchange can only occur when the hydrogen 
bonding of the protein has been shattered by the 
high concentration of urea. If, as seems possible, 
other proteins behave in the same way, their 
disulphide bonds should be stable under physio- 
logical conditions, so that the interchange reaction 
may not be of importance. 

Most of the small sulphur-containing molecules, 
such as glutathione and coenzyme A, are found in 
the reduced form, so are unlikely to play any 
except a catalytic part in disulphide interchange. 
The fact that these thiols are found side by side with 
proteins containing disulphide bonds is probably 
another reflexion of the stability conferred on the 
protein disulphides by the configuration of the 
molecule, maintained by other bonds within and 
between the polypeptide chains. Whilst it seems 
that in general proteins are unlikely to take part in 
disulphide interchange reactions under physio- 
logical conditions, it still remains possible that 
there are special cases in which such reactions are of 
importance. 

No conclusions can be drawn here about the 
mechanism of the interchange reaction in acid 
solutions, but the most striking features here are the 
inhibition by thiols and the great speed of the 
reaction in 10N-HCl compared with that in 10N- 
H,SO, or 5N-HCl. It should be pointed out that the 
activity of hydrochloric acid rises very rapidly with 
increasing concentration, so that that of the 10N 
acid is much greater than that of sulphuric acid of 
the same strength. 
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SUMMARY 
1. A disulphide interchange reaction of the type 
R'SSR! + R°SSR*s5 2R'1SSR? 


has been studied in acid, neutral and slightly 
alkaline solutions. 

2. The reaction is inhibited in acid solution by 
thiols. 

3. The reaction in neutral and alkaline solution is 
catalysed by thiols and inhibited by thiol-binding 
reagents. 

4. A mechanism for the reaction in neutral and 
alkaline solutions is suggested. 

5. Suitable conditions have been determined for 
the hydrolysis of proteins without disulphide 
interchange occurring. 


We wish to thank Dr V. du Vigneaud for a sample of 
monoDNP-cystine and Dr J. L. Bailey for help and advice 
in preparing cystylbisglycine. A.P.R. is indebted to the 
Medical Research Council for a scholarship for training in 
research methods. 
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The Disulphide Bonds of Insulin 
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In order to deduce the unique structure of ox insulin 
it is necessary to know its molecular weight. In 
previous papers a value of 12 000 was assumed, 
since physical measurements suggested that this 
was the weight of the smallest unit that existed in 
solution. Recently, however, Harfenist & Craig 
(1952) have used a new chemical method and have 
found a value of approximately 6000. It is difficult 
to see how this result could be wrong and some 
recent physical measurements have shown that 
dissociation into units of molecular weight lower 
than 12000 definitely occurs (Fredericq, 1953; 
Kupke & Linderstrom-Lang, 1954). It may thus 
safely be concluded that the molecular weight of 
insulin is 5734, on the basis of condensation of the 
amino acids present with normal elimination of 
water. This molecule is composed of two poly- 
peptide chains joined together by the disulphide 
bridges of three cystine residues. Treatment with 
performic acid splits the insulin to two fractions A 
and B, which are the oxidized forms of the glycyl 
and the phenylalanyl chain respectively (Sanger, 
1949a). The sequence of amino acids in these two 
polypeptide chains has been determined by partial 
hydrolysis methods (Sanger, 1949b; Sanger & 
Tuppy, 195la,b; Sanger & Thompson, 1953a, b; 
Sanger, Thompson & Kitai, 1955) and is shown in 
Table 1. Fraction A contains four and fraction B 
two cysteic acid residues, originating from the three 
cystine residues of insulin. The purpose of the 
present study was to find which half-cystine 
residues are joined together in intact insulin. 

For this it was necessary to identify peptides 
containing cystine residues and to determine their 
structure. The procedure used may be summarized 
as follows: 

(1) Partial hydrolysis of insulin under conditions 
where the disulphide bonds remained intact. 

(2) Fractionation of cystine peptides from one 
another. It was not, however, necessary at this 
stage to separate them from other peptides not 
containing cystine, since these were separated from 
the cysteic acid peptides during stage 4. 

(3) Oxidation of cystine peptides to cysteic acid 
peptides. 

(4) Fractionation of cysteic acid peptides. 

* Members of the Scientific Staff of the Medical Research 
Council. 


(5) Identification of the cysteic acid peptides 
from the amino acids produced on hydrolysis. These 
peptides had already been obtained from partial 
hydrolysates of the fractions A and B, so that their 
structures were known and they could be completely 
identified from their hydrolysis products. 

From the cysteic acid peptides produced the 
structure of the original cystine peptides could be 
deduced and hence the distribution of the disul- 
phide bonds in insulin. 

During stages (1) and (2) it was essential to avoid 
any re-arrangement of the disulphide bonds, and 
this was the chief difficulty in the work. Initially, 
hydrolysis was carried out in concentrated hydro- 
chloric acid and the fact that it was impossible to 
interpret the results in terms of a unique structure 
for insulin suggested that a random re-arrangement 
of the disulphide bonds had taken place. This was 
confirmed by studies in model systems and the 
reaction has been further studied (Ryle & Sanger, 
1955) and shown to occur in acid and neutral 
solution by different mechanisms. The reaction in 
neutral solution was catalysed by thiol compounds 
and could be prevented to some extent by thiol 
inhibitors such as N-ethylmaleimide (NEMI). It 
was thus possible to use proteolytic enzymes for 
partial hydrolysis and the position of one disulphide 
bridge was found in this way. Experiments using 
chymotrypsin and a crude pancreatic extract are 
described. However, no enzyme could be found 
that would break between the two half-cystine 
residues in positions A 6 and A7 (Table 1) and acid 
hydrolysis had to be used to locate the remaining 
two disulphide bridges. 

Various conditions of acid hydrolysis were tried 
but invariably led to re-arrangement until it was 
found that, unlike the neutral reaction, the acid one 
was inhibited by thiol compounds. It also appeared 
to be slower in H,SO, than in HCl of the same con- 
centration (Ryle & Sanger, 1955). A rather long 
time of hydrolysis was necessary to avoid the pro- 
duction of large amounts of peptides containing the 
A6.AT7 sequence (Table 1), as they do not provide 
the information required to establish the position of 
the bridges. 

It was also necessary to avoid re-arrangement 
during the fractionation of the cystine peptides. 
Initially paper chromatography was used, but it was 
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Table 1. The structure of fractions A and B of oxidized insulin 
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difficult to obtain sufficient material, and frequently 
re-arrangement appeared to have occurred. The 
best results were obtained with paper ionophoresis 
and in the most recent experiments this method was 
used almost entirely. 

The peptides with reference numbers starting A 
or B are those obtained in previous papers as follows: 
Al, A2, Sanger & Thompson (1953a); Ap, Ae, 
Sanger & Thompson (19536); B1, B2, B3, B4, Bb, 
Sanger & Tuppy (195la); Bp, Be, Bt, Sanger & 
Tuppy (19515). 

A preliminary communication of the present work 
was made by Sanger, Smith & Kitai (1954). 


MATERIALS 


The insulin used throughout this work was 6-times recrystal- 
lized cattle insulin (batch 9011G), obtained from Boots 
Pure Drug Co., Nottingham. Crystalline chymotrypsin was 
obtained from Worthington Biochemical Sales Co., Free- 
hold, New Jersey, U.S.A. 


METHODS 


Ionophoresis 
The method used was essentially that of Mich] (1951) in 


which the ionophoresis is carried out at high potential 
gradients in pyridine—acetic acid buffers on filter papers 











Toluene 






Filter 
paper 





Buffer 
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0 10 20 30 =40 cm. 





Fig. 1. High-voltage ionophoresis apparatus (Michl,1951). 


completely immersed in toluene. This last prevents evapora- 
tion and cools the paper. It was found that sharper bands 
were obtained by this method than by other methods 
studied and the short times required for separations mini- 
mized the danger of breakdown or re-arrangement of cystine 
peptides during ionophoresis. 

The apparatus, which is shown in Fig. 1, was made from 
two battery jars, one fitting-inside the other. By having the 
level of the buffer solution higher in the cathode than in the 
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anode vessel, electroendosmotic flow was to some extent 
counterbalanced by hydrostatic flow. Carbon rods were 
used for the electrodes and were connected to platinum 
wires underneath the toluene. Suitably shaped glass rods 
were used to prevent the paper from touching the sides of 
the vessels, and the whole apparatus was covered with a 
glass lid. 

Since the buffer (pyridine—acetic acid) is somewhat 
soluble in the toluene and large volumes were involved, it 
was not convenient to keep changing the buffer for different 
experiments. Two units were therefore employed; the one 
contained buffer at pH 6-5 (10 vol. pyridine: 0-4 vol. acetic 
acid: 90 vol. water), the other at pH 3-6 (1 vol. pyridine: 
10 vol. acetic acid: 89 vol. water). In some of the earlier 
experiments 0-2m acetic acid (pH 2-75) was used as the 
electrolyte. A paper up to 20 cm. wide could be used in the 
apparatus. The material to be fractionated was applied as a 
thin line across the dry paper to within about 1 cm. of each 
edge. It was allowed to dry and then laid on a glass plate 
with a glass rod underneath the line of application. The 
paper was wetted with the buffer to within about 1 cm. of the 
applied material and the buffer allowed to flow in towards 
the line of application from both sides, thus concentrating 
the material in a thinner line. It was essential to ensure that 
the buffer flowed in evenly and at the same rate from both 
sides and to be certain that the paper was completely wetted 
before putting in the apparatus. Where rather large con- 
centrations of peptides are applied they sometimes wet very 
slowly. If a spot is not wetted by the buffer it is wetted by 
the toluene and causes an unevenness of flow. After blotting 
the paper to remove excess buffer it was put in the apparatus. 

For most purposes a potential of 1500v was applied. 
Using a 20 cm. wide Whatman no. 3 filter paper, a current of 
60-70 ma was produced with the buffer at pH 3-6 and of 
40-45 ma at pH 6-5. Owing to differences in design of the 
apparatuses the potential gradients produced were 29 and 
33v/cm. respectively. With no. 4 papers about half these 
currents are obtained. At the higher currents there is 
considerable heating, and it was necessary to have a cooling 
coil in the toluene. To find the position occupied by the 
peptides after ionophoresis, marker strips were cut from the 
paper and tested with a suitable dipping reagent, as below. 

Ninhydrin. A 0-25% solution in acetone was used 
(Toennies & Kolb, 1951). 

CN-nitroprusside. To test for the presence of cystine 
peptides the CN-nitroprusside test of Toennies & Kolb 
(1951) was used. This was found to be more sensitive than 
other tests investigated, though the colour was rather 
transitory, and it was necessary to record the position of the 
bands fairly rapidly. 

Tyrosine test. To test for tyrosine peptides the method of 
Acher & Crocker (1952) was used. 


Chymotryptic hydrolysis (Expt. Ic) 

Insulin (100 mg.) was suspended in 10 ml. water and 
dissolved by the addition of NH, to give a final pH of 8. 
Chymotrypsin (4 mg.) and 1 mg. of NEMI were added and 
the mixture was incubated at 37° for 24 hr. The solution was 
then brought to pH 5-7 by the addition of dilute acetic acid. 
This produced a precipitate, which will be referred to as the 
‘chymotryptic core’. It is probably essentially the same as 
the ‘core’ studied by Butler, Dodds, Phillips & Stephen 
(1948) which was obtained from a chymotryptic hydrolysate 
by precipitation with trichloroacetic acid. The yield of 
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‘core’ wasabout 65 mg. It was further purified by dissolving 
in dilute NH, and precipitating at pH 5-7. In certain 
experiments the ‘core’ did not precipitate immediately on 
bringing the hydrolysate to pH 5-7 and it was necessary to 
concentrate to a smaller volume. However, once the pre- 
cipitate had been obtained, it could not be redissolved near 
pH 5-7. 

The soluble material from the hydrolysate was freeze- 
dried before being subjected to fractionation by iono- 
phoresis. 


Hydrolysis with a crude pancreatic extract (Expt. Ix) 


The preparation used was a crude ‘trypsin’ (British Drug 
Houses, no. 557). It apparently contained several other 
enzymes, since several bonds which were outside the 
specificity range of trypsin or chymotrypsin were exten- 
sively hydrolysed. 

Insulin (300 mg.) was dissolved in 18 ml. 0-01N-HCl, 
1 mg. of NEMI was added and the pH was adjusted to 7-8 
by the addition of 0-1N-NH,. 1-2 mg. of the ‘trypsin’ pre- 
paration was then added in solution in a little water, and the 
pH was re-adjusted to 7-8. After 4 hr. incubation at 37° the 
pH had fallen considerably and was brought back to 7-8. 
After a further 17 hr. incubation the pH was 6-8 and the 
solution was very cloudy. The digest was then brought to 
pH 6 by the addition of 0-2N acetic acid and centrifuged to 
remove the precipitated material. On concentrating the 
supernatant solution in vacuo a further small precipitate 
appeared, but this was ignored, and the whole of the con- 
centrate was applied across a 25 cm. wide strip of Whatman 
no. 3 paper and was subjected to ionophoresis at pH 6-5 
(in buffer containing approx. 10-*m NEMI) at 1500v for 
12 hr. 

Acid hydrolyses 


A number of different experiments were carried out using 
acid with various conditions of hydrolysis and fractionation. 
Two such experiments will be described which incorporate 
the various techniques used and results obtained. In the 
first (I1) 10N-H,SO, at 100° was used and the peptides 
were separated into two groups (Jla and J1f) by ion- 
exchange chromatography and were then fractionated by 
a number of different ionophoreses. In the second (J 2) the 
hydrolysis was carried out at 37° and the neutral cystine 
peptides were separated by two-dimensional ionophoresis. 

Experiment I1. The ‘chymotryptic core’ (100 mg.) was 
dissolved in a mixture of 5 ml. 20N-H,SO,, 3 ml. glacial 
acetic acid and 2 ml. water. Thioglycollic acid (3 ul.) was 
added and the mixture heated on a boiling-water bath for 
45 min. 

Removal of the H,SO, with Ba caused extensive losses of 
the cystine peptides and was much more conveniently 
carried out using the basic ion-exchange resin Amberlite 
IR-4B, 44-100 mesh/in. (manufactured by The Rohm and 
Haas Co., Philadelphia, U.S.A.) in the acetate form. A 
column was prepared 8 cm. high in a tube of radius 2 cm. 
having a tap at the bottom. The resin was equilibrated 
against 20% (v/v) aqueous acetic acid and the hydrolysate 
poured on the column. To prevent uneven flow the top half 
of the column was stirred with a long glass rod so that most 
of the H,SO, was initially adsorbed at the top of the column. 
The column was then allowed to flow and was developed 
with 20% acetic acid. The effluent was collected till a drop 
on a filter paper no longer gave the ninhydrin reaction. 
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75-100 ml. was usually sufficient. In some earlier experi- 
ments 5% acetic acid was used for elution, but the cystine 
peptides were considerably retarded and a greater volume of 
effluent was required. The solution was concentrated to 
10-20 ml. in vacuo in the rotary evaporator of Craig, 
Gregory & Hausmann (1950), using a solid CO,-methyl 
cellosolve mixture to cool the condensing bulb. The thio- 
glycollic acid and remaining acetic acid were extracted with 
ether and a small amount of NEMI (2-3 mg.) was added. 

The solution was brought to pH 5 with aqueous NH, and 
put on a column of Amberlite IR-4B in the acetate form, 
which had been washed with distilled water until the 
effluent attained pH 3-4. The column was developed with 
water. Part of the hydrolysate was not retained by the 
column and was collected and freeze-dried (J18). The pep- 
tides retained on the column were removed by eluting with 
20% (v/v) aqueous acetic acid, the solution concentrated, 
extracted with ether and freeze-dried (J 1«). 

Experiment I2. Insulin (100 mg.) was dissolved in a 
mixture of 7 ml. 20N-H,SO, and 7 ml. acetic acid containing 
6 pi. thioglycollic acid and kept at 37° for 17 days. H,SO, 
was removed on Amberlite IR-4B as described in Expt. J1 
and the material freeze-dried in the presence of NEMI. 

Two-dimensional ionophoresis. Hydrolysate from Expt. 
I2 (50 mg.) was dissolved in 0-15 ml. water and applied on 
a line near to the anode end of a 18 em. wide strip of no. 3 
filter paper for ionophoresis at pH 3-6. A potential of 
1500v was applied for 5-5 hr. After drying the paper, a strip 
was cut from one edge and the position of the cystine 
peptides located by the CN-nitroprusside test. The appear- 
ance of this test strip is shown in Fig. 2. The most slowly 
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Fig. 2. Ionophoresis of partial hydrolysate of insulin 
(Expt. 72): 50 mg./18 cm. wide no. 3 paper; pH 3-6; 
29v/cm.; 5-5 hr. In this and subsequent figures repre- 
senting ionophoretic separations the different types of 
shading indicate the colour reaction used to locate the 
bands as follows: {, ninhydrin reaction; KY, CN- 
nitroprusside reaction; FE], tyrosine reaction. The depth 
of shading represents the approximate strength of the 
colour reaction. 


migrating material was largely free cystine, so was not 
fractionated further. The part of the paper between 10-6 and 
28-6 cm. from the origin was then cut out and material eluted 
from it on to a second no. 3 filter paper as shown in Fig. 3. In 
this method one edge of the ‘cut’ was put in the trough of 
10% acetic acid, which washed the peptide bands down 
near the ‘front’. In order to keep this front as even as 
possible it was sometimes necessary to pipette drops of 
acetic acid on to the paper behind it. The other edge of the 
‘cut’ was clamped down on the second paper with a glass 
plate so that only the extreme edge was in contact. When the 
acetic acid front had flowed into the second paper to form 
a band 1-2 cm. wide, the elution was stopped, the band 
dried off and then subjected to ionophoresis at pH 6-5 for 
10 hr. using 1500v. A small amount of NEMI was added to 
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the buffer just before wetting the paper, to inhibit inter- 
change reactions. 

At the end of the ionophoresis the paper was hung up in 
air for about 10 min. to allow the surface toluene to drop off 
and evaporate. It was then laid ona flat sheet of glass. A dry 
sheet of no. 1 paper was laid on top of it and rapidly pressed 
down with another glass plate to make even contact and 
thus take a ‘print’. Both papers were then dried. The no. 1 
paper was treated with the CN-nitroprusside reagent, and 
from the positions of the spots, the cystine peptides could be 
located on the no. 3 paper, cut out and eluted. 





Cut from first 
__ ionophoresis 








Glass plates 
Filter paper 


Trough 
\ containing 
10% acetic acid 


Fig. 3. Elution of peptide material during two-dimensional 
ionophoresis. 


Structure of cystine peptides 


To determine the structure of the cystine peptides they 
were oxidized with performic acid to the corresponding 
peptides of cysteic acid, which were then fractionated and 
subjected to complete hydrolysis. Previously the fractiona- 
tion had been carried out by paper ionophoresis in acetic 
acid by which means all the cysteic acid peptides, except 
those containing a basic amino acid, could be completely 
separated from other peptides (Sanger & Thompson,1953a). 
More satisfactory results have now been obtained by carry- 
ing out the ionophoresis in pyridine-acetate buffers at 
pH 3-6. Here some fractionation of the individual cysteic 
acid peptides is obtained, which simplifies their identifi- 
cation. 

The areas occupied by cystine peptides were cut out of the 
papers and eluted with 10% acetic acid. The eluates were 
put in small test tubes and taken to dryness in a desiccator. 
A few drops of a solution of performic acid prepared by 
mixing 1 vol. 33% (w/w) H,O, with 9 vol. formic acid, were 
added. Oxidation was allowed to proceed for 15-30 min., 
a few drops of water were added and the solutions taken to 
dryness in a desiccator. Each fraction was then transferred 
to a polythene strip with a small volume of water and taken 
to dryness again to ensure removal of formic acid. 

The residues were dissolved in about 10 yl. water and small 
portions (each about 2 yl.) were transferred with a capillary 
tube to a sheet of no. 4 paper near to the cathode end and 
subjected to ionophoresis at pH 3-6 for 2 hr. at 1500v. The 
papers were dried and developed with ninhydrin. 

From this preliminary ionophoresis some information 
could be obtained about the cysteic acid peptides present 
and it could be decided which fractions should be investi- 
gated further and at what concentration to carry out the 
ionophoresis. Thus, for instance, peptides containing two 
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cysteic acid residues could readily be identified (see Figs. 14, 
21) and since such peptides could not provide the required 
information, they were usually not investigated further. On 
the other hand, fractions giving two peptides each containing 
one residue of cysteic acid were of particular interest. 

For further investigation of the cysteic acid peptides, the 
whole fractions were put on paper as a line and subjected to 
ionophoresis as above. A strip was cut from the edge and 
treated with ninhydrin to locate the position of the peptides, 
which were then cut out, eluted and hydrolysed. The 
resulting amino acids were identified by paper chromato- 
graphy using phenol-0-3 % aqueous NH. 


RESULTS 


Chymotryptic hydrolysate (Expt. Ic) 


Fig. 4 shows the distribution of peptide bands after 
ionophoresis of the soluble fraction (30 mg.) from 
the chymotryptic hydrolysate. 


hs 
10 a 10 15 20 
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Fig. 4. Ionophoresis of peptides from soluble fraction of 
chymotryptic hydrolysate (Expt. Jc): 30 mg. on 18 cm. 
wide no. 3 paper; pH 6-5; 33v/em.; 2 hr. 


+0 5 10 15 20 = 
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from origin towards cathode 
Fig. 5. Ionophoresis of fractions Icx, JcB and Icé (Fig. 4): 
no. 3 paper; pH 3-6; 29v/cm.; 7 hr. 

Band e¢, which contained no cystine, was re- 
fractionated on a two-dimensional paper chromato- 
gram using phenol—0-3 % NH,/butanol—acetic acid. 
One main spot was present which proved to be 
Tyr.Thr.Pro.Lys.Ala (Table 2). Band { was 
similarly shown to be Thr. Pro. Lys. Ala and band y 
Pro. Lys. Ala. This last peptide had not been ob- 
tained from the chymotryptic treatment of 
fraction B (Sanger & Tuppy, 19516). Its presence is 
surprising since it would not be expected from the 
known specificity of chymotrypsin. 


35 
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Bands «, 8 and 8 were further purified by iono- 
phoresis at pH 3-6 (Fig. 5). Both 81 and 82 gave 
phenylalanine and tyrosine on hydrolysis. Band 52 
probably contains the free amino acids, since they 
move at the same rate on ionophoresis at pH 3-6. 
Band 381 is probably a dipeptide Phe.Tyr, which 
would be expected to travel slower than the free 
amino acids. This dipeptide was not detected in the 
chymotryptic hydrolysate of fraction B, but might 
be expected to occur from the known specificity of 


chymotrypsin. 
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Fig. 6. Ionophoresis of oxidation products of bands al, 
B, y and 83 (Figs. 4, 5): no. 4 paper; pH 3-6; 29v/cm.; 
2 hr. (see Table 2). 


The four cystine peptides (al, 8, y, and 83) were 
oxidized and the resulting cysteic acid peptides 
fractionated by ionophoresis at pH 3-6 (Fig. 6). The 
results are summarized in Table 2. All four gave the 
same peptide (6, Fig. 6) which was neutral at pH 3-6 
and was characterized by the presence of arginine 
and a large amount of glycine. Its structure can 
only be Leu. Val. CySO,H.Gly.Glu.Arg.Gly . Phe. - 
Phe, identical with peptide Be 4. 

The three acidic peptides «la, Ba and ya gave the 
same amino acids on hydrolysis but moved at 
different rates at pH 3-6. Band ya was by far the 
strongest and is probably GluNH,.Leu.Glu. Asp- 
NH,.Tyr.CySO,H.AspNH, (Ac3) which would be 
expected to be a major component. Band «la gave 
no ninhydrin reaction, suggesting that it was a pyrro- 
lidonoy] derivative identical with ya except that the 
N-terminal glutamine residue had cyclized. This 
would account for «1 moving faster towards the 
anode than the other acidic cystine peptides as it 
has one less amino group. Band fa probably differs 
from ya only in having one amide group less and 
therefore being slightly more acidic. 

On oxidation the only neutral cystine peptide 
(83) gave a neutral peptide (53b) identical with 
alb, Bb and yb, and an acidic peptide 53a having 
the structure CySO,H.AspNH, (Ac 1). 

Bioch. 1955, 60 
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Table 2. Peptides from chymotryptic hydrolysate of insulin (Expt. Ic) 


Amino acids of 
oxidized peptides 


Band 
(Figs. 4, 5, 6) 


al a: CySO,H, Asp, 
Glu, Tyr, Leu 
b: CySO,H, Glu, 
Gly, Val, Leu, Phe, 
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Probable structure 


NH, NH, 


| | 
Pyr*.Leu.Glu. Asp. Tyr.Cy. Asp 
Ss 


. 


Arg Leu. Val.Cy.Gly.Glu. Arg. Gly. Phe. Phe 
a2 Asp, Glu, Leu, } 7 

Tyr (weak Val) i * - 
B a: CySO,H, Asp, Glu, Glu. Leu.Glu. Asp. Tyr (Ac5) 

Tyr, Len 

b: CySO,H, Glu, Gly, | 
Val, len, Phe, "Arg See text 
NH, NH, NH, 


y a: CySO,H, Asp, 
Glu, Tyr, Leu 
b: CySO,H, Glu, 
Gly, Val, Leu, Phe, 


| | | 
Glu. Leu.Glu. Asp. Tyr.Cy. Asp 
8 


S 


Arg Leu. Val.Cy.Gly.Glu. Arg. Gly. Phe. Phe 
61 Tyr, Phe Phe. Tyr 
62 Tyr, Phe Phe+Tyr 
NH, 
53 a: CySO,H, Asp | 
| Cy. Asp 
b: CySO,H, Glu, 8 
Gly, Val, Leu, 8S 
Phe, Arg Leu. Val.Cy.Gly.Glu. Arg.Gly. Phe. Phe 
€ Thr, Ala, Tyr, Tyr. Thr. Pro. Lys. Ala (Be7) 
Pro, Lys 
Thr, Ala, Pro, Lys Thr. Pro. Lys. Ala (Bcd) 
n Ala, Pro, Lys Pro. Lys. Ala 


* Pyrrolidonoyl. 








-0 5 10 15 20 25 30 35 + 
Distance (cm.) travelled from origin towards anode 


Fig. 7. Ionophoresis of crude ‘tryptic’ hydrolysate of 
insulin (Expt. Ix). Soluble material from hydrolysate of 
300 mg. insulin on 25cm. wide no. 3 paper; pH 6-5; 
33v/cem.; 12 hr. 





Hydrolysis with crude pancreatic extract 
(Expt. Ix) 


Fig. 7 shows the positions of the bands obtained 
by ionophoresis at pH 6-5 of the crude ‘trypsin’ 
hydrolysate. Band 7, which had moved ahead of 


most of the ninhydrin-reactive material, was 
thought to be fairly pure and was oxidized directly. 
When part of the material from bands a-{ and 
@ and « was oxidized several cysteic acid peptides 
were obtained from most of the bands, indicating 
that they contained more than one cystine peptide. 
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Fig. 8. Purification of bands «—« from Expt. Ix (Fig. 7) by 
ionophoresis: pH 3-6; 29v/cm.; 6 hr. 





The material from band £ behaved in the same way 
as that from band 7, and bands @ and were con- 
sidered too weak to give any results after further 
manipulations, so these three bands were not 
further dealt with. 
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Table 3. Cysteic acid peptides obtained from crude ‘tryptic’ hydrolysate of insulin (Expt. Ix) 


Band Amino acids present in 
(Figs. 7-9) cysteic acid peptide 

B4a CySO,H, Glu, Gly, Val, Leu 
p4b CySO,H, Asp 

y2a CySO,H, Gly, Val, Leu 
y2b CySO,H, Asp 

dla CySO,H, Ser, Ala, Val 
d1b CySO,H 

52a CySO,H, Ser, Gly 

62b CySO,H, Ser, Gly, Leu 
82c¢ CySO,H, Ser, Ala, Val 
52d CySO,H, Ser, Gly 

na CySO,H, Ser, Gly 

nb CySO,H, Ser, Ala, Val 

ne CySO,H, Ser, Gly, Ala 


The remainder of the material from bands a—e was 
purified by ionophoresis at pH 3-6. The separated 
cystine peptides, detected by the CN-nitroprusside 
reagent (Fig. 8) were eluted, oxidized and run again 
at pH 3-6 for the separation of the cysteic acid 
peptides whose positions are shown in Fig. 9. 
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Fig. 9. Ionophoresis of cysteic acid peptides from Expt. Jx 
(Figs. 7, 8): pH 3-6; 29v/cem., approx. 2 hr. Fractions 
4, y2 and 81 were run for slightly longer than the other 
fractions (see Table 3). 





The cysteic acid peptides strong enough to give 
results were eluted and hydrolysed, except in those 
cases where one of a pair of bands could be identified 
as cysteic acid by its speed on ionophoresis. The 
amino acids found in the hydrolysates and the 
probable identification of the cysteic acid peptides 
are shown in Table 3. Certain peptides (e.g. 82 and 
y1) gave results indicating that they were probably 
complex mixtures and that no definite conclusions 
could be drawn from them. The results with these 
peptides are not recorded. 

Peptides £4b and y2b were identified as CySO,H. - 
AspNH, (identical with Ac1). y2a can only be 
Leu. Val.CySO,H.Gly (positions B17-20), since 


Assumed structure of 
cysteic acid peptide 
Leu. Val. CySO,H.Gly.Glu 
CySO,H.AspNH, 
Leu. Val. CySO,H.Gly 
CySO,H.AspNH, 


Same as nb 
Cysteic acid 


? 
Leu.CySO,H.Gly.Ser 
Same as nb 

? 


CySO,H.Gly .Ser 
CySO,H.CySO,H.Ala.Ser. Val. CySO,H 
? 


these four amino acids do not occur together else- 
where in the molecule, so that peptide y2 must be 


Leu. Val.Cy.Gly 
8 


s 
Cy. AspNH,. 


By analogy it is concluded that £4 is 
Leu. Val.Cy.Gly.Glu 
8 


S 
Cy .AspNH,, 


though from its amino acid composition 4a could 
be Gly .Tleu. Val. Glu.Glu.CySO,H (positions A 1— 
6). Bands Sla, 52c and yb all contain the same 
characteristic peptide which is present in large 
amounts in this hydrolysate. Judging from its 
ionophoretic mobility it is very acidic and has a 
high content of cysteic acid. In order to determine 
its structure it was subjected to partial hydrolysis. 





LAA __ VA AZ 
12 4 


0 5 10 15 on bh 35 
Distance (em.) travelled from origin towards anode 


Fig. 10. Ionophoresis of partial hydrolysate of peptide 
Ixnb: pH 3-6; 29v/em.; 2 hr. 





5 





Material from band yb obtained from a digest of 
135 mg. of insulin similar to that described above 
was incubated at 37° for 40 hr. in 11-7N-HCl, and 
after removal of the HCl was subjected to iono- 
phoresis at pH 3-6 for 2hr. The positions of the 
bands detected by ninhydrin are shown in Fig. 10. 
A sample of cysteic acid moved at the same speed 
as band 6. The identities of the components of the 
various bands are given in Table 4. These show that 
nb has the structure CySO,H .CySO,H.Ala.Ser. - 
Val.CySO,H (from positions A 6-11). It is probable 

35-2 
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that it does not contain the serine residue from 
position A 12, since such a peptide would be expected 
to give large amounts of free serine on acid hydro- 
lysis, whereas only small amounts were obtained 
from peptide yb. 





Table 4. Peptides obtained from partial hydrolysate 
of peptide Ixnb 

Band (Fig. 10) Structure 
Alanine 
Serine 
Ser. Val.CySO,H (A 123) 
CySO,H. Ala (A 173) 
CySO,H.CySO,H. Ala (4 281) 
Cysteic acid 
CySO,H.CySO,H 


1S) Or OO bo 


The other main cysteic acid peptide from the 
cystine peptide 7 is na([CySO,H, Ser, Gly]). These 
three residues only occur together in positions 
Bi7-9 so that it must be CySO,H.Gly.Ser. How 
nb and ya are linked together is not clear from these 
results since nb contains three cysteic acid residues. 

The two main oxidation products of peptide 82 
are CySO,H.CySO,H.Ala.Ser.Val.CySO,H (82c) 
and §2b which must be Leu.CySO,H.Gly.Ser. 
Peptides 52a, 52d, and ne were present in only small 
amounts and their composition is not certain. 
Their ionophoretic mobilities make it unlikely that 
62a and 62b are CySO,H.Gly .Ser (7a). 


Acid hydrolysis 


In choosing conditions for acid hydrolysis a 
number of factors had to be considered. In Table 5 
are listed the various peptides of cysteic acid 
encountered after oxidation of a partial hydrolysate 


Table 5. Cysteic acid peptides from oxidized partial 

hydrolysate of ‘chymotryptic core’ of insulin 

Distance 

moved towards 
anode on 
Reference ionophoresis 

no. in at pH 3-6 

previous (Fig. 14) 
Peptide papers (em.) 
His.Leu.CySO,H Bly4 -1-0 
His. Leu. CySO,H.Gly B4pl -1-0 
Gly.Ieu.Val.Glu.Glu.CySO,H  A2a7 9-0 
Leu .CySO,H .Gly Blas 10-0 
Ser. Val.CySO,H Alg3 10-5 
CySO,H. Ala Aly 12-5 
Leu.CySO,H Bia6 13-5 
Val.CySO,H Al¢2 13-5 
Glu.Glu.CySO,H — 13-5 
CySO,H.Gly Blal 14-5 
Glu.CySO,H Alal 15-5 
Glu.CySO,H .CySO,H. Ala A2yl 19-5 
CySO,H .CySO,H. Ala A2yl 22-5 


Glu.CySO,H .CySO,H — 24-0 
Cysteic acid —- 
CySO,H.CySO,H is 
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of the ‘chymotryptic core’. From these it is possible 
to calculate that ninety-five different cystine 
peptides would be expected before oxidation. Of 
these, twelve contain a half-cystine residue (CyS) on 
one side of the —S.S— bond, and provide no in- 
formation about the distribution of —S .S— bonds. 
Seventy-two contain the sequence Cy . Cy intact and 
are also of no use, whereas eleven contain a peptide 
sequence on both sides of the —S .S— bond and are 
of the type required in the present study. In order to 
avoid the very complicated mixture that would be 
produced if there was much of the Cy .Cy sequence 
left intact it was necessary to hydrolyse for as long 
as possible, but if the hydrolysis were carried out for 
too long the peptides containing a CyS residue would 
predominate and also there would be more danger of 
the interchange reaction occurring. 

Using model systems it was shown that less inter- 
change occurred in H,SO, than in HCl of corre- 
sponding concentration (Ryle & Sanger, 1955). 
Although at high concentrations H,SO, is less 
effective as a hydrolytic agent, it appeared that it 
would nevertheless be an advantage to use it. 
Insulin is insoluble in aqueous H,SO, so that it was 
necessary to add acetic acid to dissolve it. 

In an initial experiment 3-7 N-H,SO, in 25 % (v/v) 
acetic acid was used. After 2 days at 37° a precipi- 
tate started to form and was separated after 5 days. 
This ‘acid core’ represented about 30-40% of 
the insulin and on oxidation gave the peptides 
Gly .Ileu. Val. Glu.Glu.CySO,H.CySO,H.Ala and 
Phe. Val. Asp. Glu. His. Leu. CySO,H.Gly, besides 
larger peptides which were not identified. It seems to 
be a mixture of large peptides which are less soluble 
than insulin. It could also be precipitated with 
water from a hydrolysate that had been obtained by 
the action of 5n-H,SO, in 50 % (v/v) acetic acid for 
1 day at 37°, so its formation was not caused by a 
mass action effect due to its insolubility. 

In later experiments 10N-H,SO, in 50% (v/v) 
acetic acid at 37° was used for hydrolysis. The rate of 
hydrolysis of insulin in this medium is given in 
Table 6. 


Table 6. Rate of hydrolysis of insulin in 
10N sulphuric acid 
Amino N (Van Slyke nitrous acid method, 11 min. 


reaction) as % of value after hydrolysis for 48 hr. at 105° 
(see Peters & Van Slyke, 1932). 


Temp. 0 

Reagent ) Time hydrolysis 
10Nn-H,SO, in 37 4 days 26 
50% (v/v) acetic acid 10 days 37 
14 days 49 
10n-H,SO, in 100 23 min. 40 
30% (v/v) acetic acid . 35 min. 66 
60 min. 80 
11 hr. 105 
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Fig. 11. Ionophoresis of fraction Jla: 90 mg. on 20cm. 
wide no. 3 paper; pH 6-5; 33v/em.; 1-75 hr. 





+30 25 20 15 10 5 i= 
Distance (cm.) travelled from origin towards anode 


Fig. 12. Fractionation of band J1al (Fig. 11) by ionophore- 
sis: no. 3 paper; pH 6-5; 33v/cm.; 12 hr. 


Band of 
cystine peptides 
(Figs. 11, 12) 





40 5 10 15 20 25 30_ 
Distance (cm.) travelled from origin towards cathode 


Fig. 13. Further ionophoretic fractionation of peptides 
from J1« (Figs. 11, 12): pH 3-6; 29v/cem.; 6 hr. 
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To obtain sufficiently simple peptides at 37° it 
was necessary to continue the hydrolysis for at least 
14 days, so in some experiments to save time a 
temperature of 100° was used. The corresponding 
rates of breakdown are also shown in Table 6. There 
was slightly more disulphide interchange at this 
higher temperature, but it did not significantly 
affect the results (see Ryle & Sanger, 1955). 


Band of cystine 
peptides 
(Figs. 11, 13) 


0 50 S&S ©» & % 3+ 
Distance (cm.) travelled from origin towards anode 


Fig. 14. Ionophoresis of cysteic acid peptides from 1a 
(Figs. 11-13): no. 4 paper; pH 3-6; 29v/cm.; 2 hr. (see 
Table 7). All bands coloured with ninhydrin. 


Experiment I1. Using Amberlite IR-4B at 
pH 3-4 the hydrolysate was separated into two 
fractions Ilx and J1f8. The former, which was 
adsorbed on the column, contained acidic and some 
neutral cystine peptides, whereas fraction J1f 
contained the remaining neutral and basic peptides. 
Most of the neutral non-cystine peptides were in 
fraction I1B8 as would be expected (Consden, 
Gordon & Martin, 1948). 
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Band 


(Fig. 14) 


Aa 
Ab 


Bla 
Blb 


Cla 
Clb 


Fla 
Flb 
Flic 
Fld 


F3a 
F3b 
F3c 
F3d 


Gl 


G2a 
G2b 
G2e 


Ha 
Hb 


Ja 
Jb 
Je 
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Table 7. Peptides from fraction Ila 


Amino acids of oxidized peptides 


CySO,H, Glu 
CySO,H 


CySOH, Ser, Val 
CySO,H, Glu 


CySO,H, Glu 
CySO,H 


CySO,H, Asp 
CySO,H 


CySO3H, Glu, Teu, Val, Gly | 


CySO,H, Ser, Val 


CySO,H, Val 
CySO,H, Glu 


CySO,H, Ser, Val 
CySO,H, Glu 


CySO,H, Ser, Val 
CySO,H, Val 
CySO,H, Glu 
CySO,H 


CySO H, Ser, Val 
CySO,H, Val 
CySO,H, Gly 
CySO,H, Glu 


CySO,H, Ser, Val 
CySO,H, Glu, Val 
CySO,H, Glu, Ala 


CySO,H, Ala 
CySO,H, Gly 


CySO,H, Ser, Val 
CySO,H, Gly 
CySO,H 


Probable structure of cystine peptides 


Glu.Glu.Cy 
[ s 
} 8 
| Cy 
Glu.Glu.Cy 
j 8 
( Ser. Val. Cy 
Glu.Cy 
s 
i 8 
l Cy 
Cy 
| 
8 
| Cy.Asp 
( Gly .Ileu. Val. Glu. Glu.Cy 
8 
S 
| Ser. Val. Cy 
Glu.Cy 
S 
\ Ss 
Val.Cy 
Glu.Cy 
S 
) 8 
l Ser. Val.Cy 
Same as peptide C3. 
Same as peptide D2. 
Cy Cy 
8 8 
8 s 
Glu.Cy.Cy + Glu.Cy.Cy 
8 8 
8 8 ; 
. Ser. Val. Cy Val.Cy 
Same as peptide D2. 
Cy.Gly Cy.Gly 
Ss ‘ 
Glu.Cy.Cy + Glu.Cy.Cy 
8 8 
8 8 
Ser. Val.Cy Val.Cy 


Same as serine peptide F3. 


Cy .Gly 
Ss 


S 
Cy. Ala 


Cy .Gly 
S 


| 


S 
Ser. Val.C 
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Table 7 (cont.) 
Band 
(Fig. 14) Amino acids of oxidized peptides Probable structure of cystine peptides 
Kla CySO,H ; 
K1b CySO,H ; 
Cy .Gly 
K2a CySO,H, Gly ( 8 
K2b CySO,H 7 8 
| Cy 
Cy 
K3a CySO,H, Ala ( 8 
K3b CySO,H f 8 
( Cy .Ala 
f Cy Cy 
Lla CySO,H, Ser, Val : : 
Llb CySO,H, Val ay ae 
Lle CySO,H oe SS 
Lld CySO,H s 8 
Ser. Val.C. Val.Cy 
L2a CySO,H, Ser, Val 
L2b CySO,H, Val, Leu | ? 
L2e CySO,H, Gly 
L3a CySO,H, Ser, Val Leu.Cy 
L3b CySO,H, Ala - 8 6 
L3e CySO,H, Leu Mainly S (72H) 
L3d CySO,H, Ala Cy. Ala 
Leu.Cy Leu.Cy 
8 8 
Mla CySO,H, Ser, Val Ss Ss 
MI1b CySO,H, Leu (weak Val) Cy.Cy - Cy .Cy 
Mic CySO,H 8 S 
[ S 8 
Ser. Val.Cy Val. Cy 


Fig. 11 shows the ionophoretic separation of 
fraction Ila at pH 6-5. The main neutral band 
IlaI was eluted and refractionated at the same pH 
for a longer time (12 hr.) when it separated into a 
number of different fractions (Fig. 12). The acidic 
cystine peptides (B-G) were not adequately 
separated and were refractionated by ionophoresis 
at pH 3-6, as also were most of the neutral peptides 
(Fig. 13). Fig. 14 shows the ionophoretic separa- 
tions at pH 3-6 of the oxidation products of the 
various cystine peptides. Not all the ionophoreses 
were in fact run for exactly 2 hr. but the diagram 
has been drawn as if they were, so that all samples 
of a particular peptide are found on the same 
vertical line. After ionophoresis the various 
peptides were identified by their amino acid com- 
position and the results are given in Table 7. 

The various peptides encountered in this work are 
listed in Table 5 together with the distance they 
move on ionophoresis at pH 3-6 under the conditions 
of Fig. 14. A number of these peptides had not been 
encountered in previous work with the oxidized 
chains, and were only revealed by the more efficient 
ionophoretic method used here. Thus Glu.Glu.- 
CySO,H (I1l«Aa) was identified as a peptide con- 





taining a high proportion of glutamic acid with 
cysteic acid and moving considerably slower on 
ionophoresis than Glu.CySO,H. Glu.CySO,H.- 
CySO,H (IlaF lc, IlxF3d) was a peptide moving at 
the characteristic rate of peptides having two 
residues of cysteic acid, and CySO,H.CySO,H 
(I1aL1d, I1aM1c, etc.) was found as a band moving 
faster than free cysteic acid but giving only cysteic 
acid on hydrolysis. 

From their ionophoretic rates and composition it 
was possible to identify the cysteic acid peptides, 
and the structures of the cystine peptides given in 
Table 7 were deduced from them. Where a peptide 
with two cysteic acid residues was produced on 
oxidation it was not possible to deduce the structure 
of the original cystine peptide from the experi- 
mental results and the formulae given were derived 
when the structure of insulin was known. 

During the purification of the cystine peptides at 
pH 3-6 (Fig. 13), weak CN-nitroprusside-reacting 
bands were frequently observed, moving towards 
the anode or slowly towards the cathode. Their 
acidity suggested that they were cysteic acid pep- 
tides. As they also contained an intact —S.S— 
bond, they were probably derived from the pep- 
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tides containing the Cy.Cy sequence by partial 
oxidation during the purification procedure. I1aK1 
is probably such a peptide. The others were too faint 


to investigate. 
Fig. 15 shows the ionophoresis of fraction J1. 


| OSE 

A B < 
+0 5 10 15 20 25 7 
Distance (cm.) travelled from origin towards cathode 








Fig. 15. Ionophoresis of fraction J1f: no. 3 paper; pH 6-5; 
33 v/cm.; 6 hr. 





0 5 10 15 + 
Distance (cm.) travelled from origin 
Fig. 16. Ionophoresis of oxidation products of fractions 
Z1BB and J1C (Fig. 15): no. 4 paper; pH 3-6; 29v/cm.; 
1 hr. (see Table 8). 
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The two basic peptides B and C were not present in 
sufficient concentration to refractionate, so were 
oxidized directly and subjected to ionophoresis at 
pH 3-6 (Fig. 16). The results are given in Table 8. 
It is probable that neither of these were pure but 
consisted of the peptides shown in Table 8. 





+0 5 10 15 20 25 30 - 
Distance (cm.) travelled from origin towards cathode. 


Fig. 17. Ionophoresis of fraction J1BA (Fig. 15): no. 3 
paper; pH 3-6; 29v/cm.; 7 hr. 





WAV 
9) ae 
0 5 10 15 20 25 
Distance (cm.) travelled from origin 
Fig. 18. One-dimensional chromatogram of fraction J1BE 
(Fig. 17): no. 3 paper; n-butanol-acetic acid—water 
(4:1:5, by vol.). Run for 36 hr. at 25° and solvent allowed 
to drip off the bottom of the paper. 





Table 8. Peptides from fraction I1B 


Band 
(Figs. 16,19) Amino acids of oxidized peptides Structure of cystine peptide 
Ba No CySO;,H His. Leu.Cy His. Leu.Cy.Gly 
Bb CySO,H, Gly, His, Leu S + S 
Be No CySO,H S 8 
Bd CySO,H, Ala | Cy.Ala Cy. Ala 
Be CySO,H 
Ca No CySO,H His. Leu.Cy His. Leu.Cy.Gly 
Cb CySO,H, His, Leu, S + Ss 
(weak Gly) S S 
Ce No CySO,H Cy Cy 
Cd CySO,H 
Cy 
D CySO,H | : 
YSUs | S 
Cy 
Ela CySO,H, Glu, Ser, Gly 
(all very weak) ? 
Elb CySO,H 
( :” 
t 2a* CySO,H, Ala S 
E2b CySO,H | ‘i . 
a.Cy 
C 
E3a CySO,H, Ser, Val ( 8 
E3b CySO,H \ ce . 
er. Val.Cy 
Leu.Cy 
E4a CySO,H, Leu ( 8 
E4b CySO,H \ S 
Cy 


* Peptide E 2a moved considerably faster on ionophoresis at pH 3-7 (Fig. 19) than CySO,H. Ala (e.g. in peptide J 1aK 3a). 
It seems probable that it is Ala.CySO,H formed by inversion during hydrolysis. This reaction has in fact been shown to 
occur under similar conditions (Tuppy & Bodo, 1954). 
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1 The main neutral band J1BA was refractionated Experiment I2. Fig. 20 shows the distribution of 
: by ionophoresis at pH 3-6 (Fig. 17) togivetwobands the cystine peptides in the two-dimensional iono- 
( Dand E. D was free cystine, whereas E was further phoresis experiment, and Fig. 21 is a diagram of the 
fractionated by one-dimensional paper chromato- _ionophoreses of their oxidation products at pH 3-6 
i graphy in butanol-acetic acid (Fig. 18). Fig. 19 showing the distribution of the cysteic acid peptides 
shows the ionophoresis of the oxidized peptides and produced. Some of these were eluted, hydrolysed 
the results are listed in Table 8. and their amino acid composition determined. The 
- ee = - _ results and the deductions made are summarized in 
; Table 9. The probable structure of most of the other 
—e peptides could be deduced from the position of the 
(Figs. 17, 18) cysteic acid peptides on the pH 3-6 ionophoresis. 
Fn: nae 
E1 4 Spot of 
E2 cystine peptides 
) (Fig. 20) 
E3 A 
a a c e 
E4 B_| AY 
a b ab 
een mee eee aaa Reena emer ic beeasniheneteatahicaeieinieessatmmaninencind amnion 
-0 5 10 15 20 25 30+ . ab 
Distance (cm.) travelled from origin towards anode Fi eon tem oneal 
a 7 cue 





Fig. 19. Ionophoresis of oxidized peptides from J1BA 


: (Figs. 15, 17, 18): no. 4 paper; pH 3-6; 29 v/cm.; 2 hr. FT BAe Z 



































see Table 8). All bands coloured with ninhydrin. a_b 
| ( e] A akin dene 
— LY H7T A 
ab 
2 | ia alee nicnnellieptasicaemracihdidigee 
+ a b 
ee iyo FY] a 
K $e $3 : 
LT Mn 
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t ellen 4 —1_i 
0 5 10 15 20 25 a. & 40 
— Distance (cm.) travelled from origin towards anode + 
Fig. 21. Ionophoresis of cysteic acid peptides from 
Expt. 72: no. 4 paper; pH 3-6; 29v/cem.; 2-3 hr. (see 


15 Table 9). 


DISCUSSION 
10 A good fractionation of neutral cystine peptides was 
obtained by ionophoresis at pH 6-5 for a relatively 
long time (Figs. 12, 20). This would appear to be due 
to the unusually low pK of the amino groups of 
cystine residues in peptides. Greenstein, Klemperer 
& Wyman (1939) found values of 6-36 and 6-95 for 
the pK’ values of the amino groups of cystylbis- 
glycine, whereas the corresponding values for 
bisglycyleystine were more normal (7-94 and 7-94). 
Thus peptides such as 


Distance (cm.) travelled from origin towards anode during 
second ionophoresis (pH 65) 





-2 20 15 10+ = 
Distance (cm.) travelled from origin towards Ale 
cathode during first ionophoresis (pH 3-6; Fig. 2) g (Fig. 20, spot L) 
| Fig. 20. Diagram of two-dimensional ionophoresis of Cy .Gly 


partial acid hydrolysate of insulin (Expt. 72). First run as 
shown in Fig. 2. Second run: pH 6-5; 33v/cm.; 10 hr.; 
spots located by CN-nitroprusside test. 


are somewhat acidic at pH 6-5 owing to the 
amino groups being partially discharged and 


a 
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Table 9. Peptides from Expt. I2 


Band 
(Figs. 20, 21) 


Structure of cysteic acid peptide 


Structure of cystine peptide 


Aa Tyr.Leu. Val.CySO,H (B2«21) Mixture of peptides of type 
Ab Leu. Val. CySO,H (B1a8) Cy 
Ac Ser. Val. CySO,H S 
Ad Tyr.CySO,H (A 1a7) 8 
Ae Leu.CySO,H + Val.CySO,H X.Cy 
Leu. Val.Cy 
Ba Leu. Val.CySO,H (B18) ( 8 
Bb Tyr.CySO,H (A 1a7) ) 8 
| Tyr.Cy 
( Val.Cy 
Ca Ser. Val. CySO,H . 8 
Cb Val.CySO,H | Peptide J1fE3+ 
Cy 
D Same as band J1e«L1 
E Same as band J1aM1 
F Same as peptide J1aK2+J1«K3 
G Same as peptide J1aK3 
Cy. Ala 
Ha CySO,H. Ala ( 8 
Hb Leu.CySO,H \ 8 
Leu.Cy 
Cy. Ala 
Ta Leu.CySO,H.Gly ( Ss 
Ib CySO,H. Ala } 8 
( Leu.Cy.Gly 
J Peptide J laJ 
Ser. Val.Cy 
Ss 
K al S 
Probably Cy.Cy 
S 
Cy .Gly 
L Same as peptide J1a«H 


* The cysteic acid peptides were not hydrolysed, but the structure was deduced from their ionophoretic rates. 





move relatively rapidly on ionophoresis, peptides 


such as Cy. Ala 


Ss 
S 
Leu.Cy 
containing only one free amino group of cystine are 
less acidic, whereas those like 


Leu. Val.Cy 

S 

Ss 
Tyr.Cy 
are almost neutral. In this way the neutral cystine 
peptides could largely be separated from each other 
and also from other neutral peptides not containing 

cystine. 

Two main cystine-containing peptides (Icd3 and 
Icy, Table 2) were present in the water-soluble 
fraction of the chymotryptic hydrolysate. Their 
oxidation products had been encountered in studies 


(Fig. 20, spot H) 


(Fig. 20, spot B) 





on the fractions A and B, and their structures, 
which are shown in Table 2, establish the presence of 
a disulphide bridge joining the half-cystine residues 
in positions A 20 and B19. This is confirmed by the 
results with the crude ‘tryptic’ hydrolysate, in 
which 
Leu. Val.Cy.Gly 

8 

8 

Cy.AspNH, ;: 


(Ixy2) 


and Leu. Val.Cy.Gly.Glu 
8 
S 
Cy .AspNH, 


were detected and with the acid hydrolysate in 


— Leu. Val.Cy 
8 
8 

Tyr.Cy 


(Ixp4) 


(I2B) 
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was found. In the chymotryptic hydrolysate, the 
remaining cystine residues are present in the 
insoluble ‘core’ and in the crude ‘tryptic’ hydro- 
lysate they are present in peptides Ixy and Ix82 in 
which CyS.Gly.Ser and Leu.CyS.Gly.Ser res- 
pectively are coupled with CyS .CyS.Ala.Ser. Val. - 
CyS. Neither enzyme preparation split between the 
three CyS residues of the glycyl chain. 

A number of neutral peptides from the acid 
hydrolysates gave CySO,H.Ala on oxidation. 
These were: 


Cy .Gly Leu.Cy 
. (IlaH) (12H) 
Cy. Ala Cy .Ala 
Leu.Cy.Gly 
and : (121). 
Cy.Ala 


CySO,H.Ala was found in the basic fraction J18B 
linked with His.Leu.CySO,H and His. Leu.- 
CySO,H.Gly. All these peptides establish that there 
is a disulphide bond between positions A7 and B7. 

This only leaves the half-cystine residues in 
positions A6 and A11 to be considered and they 
must therefore be joined together. This is proved by 
the presence of relatively high concentrations of the 
acidic peptides 


Ser. Val. Cy Val.Cy 
; (IlaD2) and 7 (I1aD1) 
Glu.Cy Glu.Cy 
and confirmed by the peptides 
Glu. Glu. Cy 
; (I1aB1) 
Ser. Val.Cy 
Gly .Tleu. Val. Glu. Glu.Cy 
end : (I1aC3) 
Ser. Val.Cy 


A considerable number of peptides containing the 
Cy.Cy sequence were detected. Since their 
structures could all be explained on the basis of the 
above results, they added confirmation and the 
fact that no peptides were detected which could not 
be explained showed that no appreciable disulphide 
interchange had occurred during the experiments. 
The results are summarized in Table 10, which 
gives the complete structure of insulin. This 
structure contains a ring, in which the disulphide 
bond in positions A6—A 11 is included. Clearly to 
form such a bond the polypeptide chain must be 
folded in such a way that the two half-cystine 
residues are close together and this fact must be 


Table 10. The structure of insulin 
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taken into account when considering possible 
configurations for the polypeptide chain in this 
area. It is interesting that the ring is the same size 
as the similar disulphide ring found in oxytocin 
(Tuppy & Michl, 1953; du Vigneaud, Ressler & 
Trippett, 1953) and vasopressin (Acher & Chauvet, 
1953; du Vigneaud, Lawler & Popenoe, 1953), 
which suggests that it may have a possible structural 
or biological significance. 


SUMMARY 


1. Insulin was subjected to partial hydrolysis 
with chymotrypsin, with a crude pancreatic extract 
and with acid under conditions in which the di- 
sulphide bonds were stable. 

2. Cystine-containing peptides in the hydroly- 
sates were separated and their structure determined 
after oxidation to cysteic acid peptides. Paper 
ionophoresis at high potential gradients in pyridine- 
acetic acid buffers was found useful for the separa- 
tions. 

3. From the structure of the cystine peptides the 
distribution of the disulphide bonds of insulin was 
deduced and is shown in Table 10. 

A.P.R. is indebted to the Medical Research Council for 
a Scholarship for training in research methods. 
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The Structure of Pig and Sheep Insulins 


By H. BROWN,* F. SANGER} anp RUTH KITAT 
Biochemical Laboratory, University of Cambridge 


(Received 26 November 1954) 


Insulins from a variety of different animal species 
show the same biological activity (Scott & Fisher, 
1940) and immunological behaviour (Wasserman & 
Mirsky, 1942). They have the same crystalline form 
and mixtures of different insulins behave as a single 
substance in the phase-rule solubility test (Lens 
& Evertzen, 1952). However, in a preliminary 
chemical study of pig and sheep insulin it was 
shown that, whereas the general structure was 
similar, there were certain differences in individual 


* Damon Runyon Cancer Research Fellow. Present 
address: Department of Surgery, University of Wisconsin, 
U.S.A. 

+ Member of the Scientific Staff of the Medical Research 
Council. 


amino acid residues (Sanger, 1949b). Harfenist & 
Craig (1952) have recently analysed the different 
insulins, and found differences in the contents of the 
amino acid residues given in Table 1. No differences 
were found for the other amino acids. 

The complete sequence of amino acids in cattle 
insulin has recently been determined in this 
laboratory (Sanger & Tuppy, 195la, b; Sanger & 
Thompson, 1953a,b), and the present paper 
describes similar studies on pig and sheep insulins. 
Since the larger part of the molecule was the same 
for all three species it was justifiable not to deter- 
mine the amino acid sequence unequivocally in 
each case, but only ‘to identify lower peptides 
embodying each residue in the molecule. Where 
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these were identical with the corresponding peptides 
from cattle insulin it could be assumed that they 
were derived from identical sequences. Any 
differences in the original insulins were readily 
evident from the peptides produced. 


Table 1. Analysis of different insulins 
(Harfenist & Craig, 1952) 


Results expressed as amino acid residues/molecule of 
insulin. 


Cattle Sheep Pig 

insulin insulin insulin 

Amino (mol.wt. (mol.wt. (mol.wt. 
acid 5734) 5704) 5778) 
Serine 2-89 2-07 2-79 
Threonine 0-97 0-96 1-77 
Glycine 3-94 4-70 3-94 
Alanine 2-91 2-99 2:17 
Valine 4-68 4-80 3-68 
Isoleucine 0-66 0-69 1-54 


After splitting the insulins into the glycyl 
(fraction A) and phenylalany] (fraction B) chains by 
oxidation (Sanger, 1949a) each chain was hydro- 
lysed with enzymes. The resulting large peptides 
were fractionated by paper ionophoresis and 
subjected to complete hydrolysis. Some were also 
subjected to partial acid hydrolysis to give small 
peptides, which were separated on paper chromato- 
grams. In this way it was possible to obtain 
peptides representing all of the residues in the 
insulin chains. 

Peptides with reference numbers starting A and B 
refer to those obtained from cattle insulin and 
described by Sanger & Thompson (1953a, 6) and 
Sanger & Tuppy (1951a, b). 


MATERIALS 


Various preparations of pig insulin have been used through- 
out this work: 

(1) Crystalline pig insulin obtained from Dr J. Lens of 
N. V. Organon, Holland, as used by Lens & Evertzen 
(1952). is 

(2) Crystalline pig insulin, N. V. Philips-Roxane, Weesp, 
Holland. 

(3) Novo pig insulin (Novo Terapeutisk A/S, Copenhagen), 
several-times recrystallized. 

(4) Crystalline insulin (pig pancreas), batch no. E178, 
Allen and Hanburys Ltd. and The British Drug Houses Ltd. 

(5) A freeze-dried preparation of pig insulin obtained from 
Eli Lilly Company, Indianapolis, U.S.A. 

In most of the work reported in this paper sample 2 was 
used, though some of the earlier preliminary experiments 
were carried out with sample 5. The other samples were used 
only in the experiment recorded in Fig. 5. 

The sheep insulin used was crystalline insulin (sheep 
pancreas) batch E73, Allen and Hanburys Ltd. and The 
British Drug Houses Ltd. 


PIG AND SHEEP INSULINS 





a4 


557 





The cattle insulin was batch 9011 G (six-times recrystal- 
lized), Boots Pure Drug Company (Nottingham). 


METHODS 


Oxidation 


Oxidation and fractionation of the oxidized insulin was 
carried out as described for cattle insulin (Sanger, 1949). 
The fractions were found to behave similarly except that the 
fraction A of pig insulin was largely insoluble in 25 % (w/v) 
ammonium acetate and was precipitated during the final 
stage of the purification. This precipitate, which contained 
no detectable phenylalanyl N-terminal residue, was used as 
fraction A in most of the following work. The fractions A 
and B from pig and sheep insulins are referred to below as 
PA, PB, and SA, SB, respectively. 


Enzymic hydrolyses 


The treatment of the fractions with proteolytic enzymes 
was carried out as described in previous papers (Sanger & 
Tuppy, 19516; Sanger & Thompson, 19536). The hydro- 
lysates were fractionated by ionophoresis under toluene in 
the apparatus of Michl (1951) (see Ryle, Sanger, Smith & 
Kitai, 1955). Approx. 10 mg. of hydrolysate were fraction- 
ated on a 18 cm. wide sheet of Whatman no. 3 filter paper. 
After ionophoresis and drying, marker strips were cut out 
and tested with ninhydrin (Toennies & Kolb, 1951), the 
Sakaguchi reaction as modified by Jepson & Smith (1953) 
and by the following modification of the Pauly test. 

Pauly test on filter paper. Equal volumes of 5% (w/v) 
NaNO, and of 1 % (w/v) sulphanilic acid in 10% (w/v) HCl 
were mixed and applied to a clean strip of no. 3 filter paper 
on a glass plate, so that the paper was wet all over but no 
puddles were formed. The strip to be tested was then 
pressed on to the wet strip with another glass plate so that 
the reagent was evenly blotted on to it. It was removed and 
allowed to dry in air for 10 min. It was then treated in the 
same way with a solution of 20% (w/v) Na,CO,;. Histidine 
peptides give a bright orange red, tyrosine peptides a 
brownish red. This test is more sensitive than the one used 
previously (Sanger & Tuppy, 1951 a), although rather more 
tedious. The above ‘ blotting’ technique has been found to be 
a convenient method of testing papers with water-soluble 
reagents. 

Peptides studied. Peptides PAp5 and SApd5 were pre- 
pared by ionophoresis in 0-2N acetic acid of pepsin hydro- 
lysates of the corresponding oxidized insulin as described by 
Sanger, Thompson & Kitai (1955). 


Partial acid hydrolysis of peptides from 
enzymic hydrolysates 


Material eluted from an ionophoretic fractionation of 
10-20 mg. of one of the oxidized fractions was subjected to 
partial hydrolysis in 12N-HCl for 3 days at 37°. After 
removal of HCl the small peptides were fractionated by 
two-dimensional chromatography on a sheet of Whatman 
no. 4 filter paper using phenol-3 % aq. NH, and n-butanol-— 
acetic acid—water (4: 1:5, by vol.) as solvents. The spots were 
located by spraying with 0-025% ninhydrin in n-butanol 
and their amino acid composition determined after com- 
plete hydrolysis in the usual manner (Sanger & Tuppy, 
1951). 
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RESULTS 


N-Terminal residues 


By the method of forming 2:4-dinitrophenyl (DNP) 
derivatives (Sanger, 1945) it was shown that both 
insulins contained glycine and phenylalanine as 
N-terminal residues. 


The phenylalanyl chains (fractions PB, SB) 


Peptic hydrolysates (PBp and SBp). Fig. 1 shows 
an ionophoretic separation of the peptic hydroly- 
sates of the B fractions of cattle (Bp), pig (PBp) and 
sheep (SBp) insulin. It can be seen that the hydro- 
lysates appear indistinguishable, indicating at least 
that the distribution of charged groups and of 
groups attacked by pepsin are the same for all three 
fractions. In fact, their structures were found to be 
identical. For this reason only the results with 
fraction PB will be described, since fraction SB was 
investigated by essentially the same methods and 
gave the same results. Table 2 shows the amino acids 
given on hydrolysis of the various peptides from 
PBp and the structure of the corresponding peptides 
from cattle insulin, or, if the peptide had not 
previously been encountered, the presumed struc- 
ture. 

Peptides PBp7 and PBp10 were subjected to 
further partial hydrolysis with acid. The results are 
given in Tables 3 and 4. The R, values on the 
chromatograms were the same as those for the 
corresponding peptides from cattle insulin, which 
are also listed in the Tables. 


Distance (cm.) from origin 


Band no. 
Pig Cattle Sheep (Table 2) 
z - => & | 
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Fig. 1. Ionophoretic separations of peptic hydrolysates of 
B fractions of cattle (Bp), pig (PBp) and sheep (SBp) 
insulins. Pyridine-acetate buffer (pH 6-5); 28v/cm.; 
3 hr. (cf. Ryle et al. 1955). Coloured with ninhydrin. 


Table 2. Peptides from peptic hydrolysate of fraction PB 


Peptide Corresponding peptide from cattle insulin 
(Fig. 1) Amino acids found on hydrolysis (Sanger & Tuppy, 19516) 

1 Glu, Val Val.Glu (in Bpl) 

2 = Glu, Ala, Val Val.Glu. Ala (Bp1) 

3 Glu, Ala, Val, Leu Val.Glu. Ala. Leu (Bp2) (see footnote) 

4 Glu, Ala, Val, Leu See footnote 


oo 


a 


CySO,H, Glu, Gly, Val, Leu, Phe, Arg 
CySO,H, Glu, Gly, Tyr, Val, Leu, Phe, Arg 


@-! 


9 All residues found in fraction B 
10 CySO,H, Ser, Gly, Leu, His 


As for 6 See footnote 

Leu. Val.CySO,H.Gly.Glu. Arg.Gly . Phe (Bp4) 
Tyr.Leu.Val.CySO,H.Gly.Glu. Arg.Gly. Phe 
As for 6 See footnote 

Mixture of neutral peptides and amino acids 
His. Leu.CySO,H.Gly .Ser. His. Leu (Bp17) 


11 CySO,H, Asp, Glu, Ser, Gly, Val, Leu, Phe, His Phe. Val. Asp.Glu. His. Leu.CySO,H.Gly.Ser. His. Leu (Bp3) 


12 Thr, Ala, Tyr, Pro, Lys (Phe) 
13. ‘Thr, Ala, Tyr, Pro, Lys 


See footnote 
Tyr. Thr. Pro. Lys. Ala (Bp15) 


3. Partial acid hydrolysis on a small amount revealed the presence of [Ala, Leu] (PBp3a) corresponding to Ala. Leu 


(B1811). 


4. This was present in only trace amounts, so analysis was not certain. It may contain tyrosine, in which case it could 


be Val.Glu.Ala.Leu.Tyr. 


5 and 8. These were present in small amounts and probably differ from 6 and 7 by containing an extra residue on the 


N- or C-terminal position. 


12. Present only in traces. In one experiment with PBp phenylalanine was detected, suggesting the structure 
Phe.Tyr.Thr. Pro. Lys. Ala, but there was not sufficient material to confirm this. 
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Table 3. Peptides from partial acid hydrolysate of peptide PBp7 


Amino acids 


Peptide found on hydrolysis 
a CySO,H, Gly 
b Glu, Gly 
¢c CySO,H, Glu, Gly, Val 
d CySO,H, Val 
e Glu, Arg 
f Glu, Gly, Arg 
g Gly, Arg 
h CySO,H, Val, Leu 
i CySO,H, Gly, Val, Leu 
j CySO,H, Tyr, Val, Leu 
k Gly, Phe 


Corresponding peptide 

from cattle insulin 
CySO,H.Gly (B1al1) 
Gly .Glu (B181) 
Val.CySO,H.Gly (B1a3) 

+free glutamic acid 

Val.CySO,H (Bla«4) 
Glu. Arg (B1y3) 
[Glu, Arg, Gly] (Bly2) 
Arg.Gly (B2y5) 
Leu. Val.CySO,H (B1a8) 
Leu. Val.CySO,H .Gly (B1«7) 
Tyr. Leu. Val CvySO,H (B2«21) 
Gly. Phe (Bly12) 





Table 4. Peptides from partial acid hydrolysate 
of peptide PBp10 


Amino acids Corresponding peptide 


Peptide found on hydrolysis from cattle insulin 
a CySO,H, Gly CySO,H.Gly (Blal) 
b CySO,H, Leu Leu.CySO,H (B1a6) 
c CySO,H, Leu, His His. Leu.CySO,H (Bly4) 
d Ser, His Ser. His (B2y2) 
e Ser, Leu, His Ser. His. Leu (B2y7) 
f Leu, His His. Leu (B2y8) 





Tryptic hydrolysates (PBt and SBt). Samples 
(30 mg.) of fractions PB and SB were treated for 
24 hr. with trypsin at pH 8, and the water-soluble 
material subjected to ionophoresis at pH 6 on a 
20 cm. wide strip of no. 3 filter paper for 3 hr. at 
1500v. Two ninhydrin-reacting bands were present, 
one (PBtl) had moved 6 cm. towards the cathode 
and was free alanine, the other (PBt2) had moved 
17-5 em. towards the cathode and gave on hydro- 
lysis [Gly, Thr, Tyr, Phe, Pro, Lys]. It corre- 
sponded to the cattle peptide (Bt2) Gly. Phe. Phe. - 
Tyr.Thr.Pro.Lys, and was identical from both 
pig and sheep material. In order to determine the 
number of phenylalanine residues present samples 
of the hydrolysates were treated with fluorodini- 
trobenzene and assayed by the method of Levy 
(1954). It was found that there was approximately 
twice as much phenylalanine present as glycine or 
threonine. 


The glycyl chain of pig insulin (fraction PA) 


The results with fraction PA will be described as 
single experiments in which peptides derived from 
enzymic hydrolysates are subjected to further 
hydrolysis with acid, although in fact many of the 
peptides were obtained initially from direct acid 
hydrolysis of the fraction A. 

Partial hydrolysis of peptide PAp5. Peptide 
PAp5d derived from 25 mg. pig insulin was subjected 
to partial acid hydrolysis and the hydrolysate 
fractionated by paper chromatography in the usual 


R; value (phenol-0-3% NH;) 
0 0-2 0-4 0-6 0-8 1-0 


10 


v 
oO 


Distance (cm.) travelled in 
butanol-acetic acid 





30 


Fig. 2. Chromatogram of partial acid hydrolysate of 
peptide PAp5. The material was applied in the position 
marked © and run first in phenol-0-3 % NH, and then in 
butanol-acetic acid (solvent front moved approx. 40 cm.) 
(see Table 5). 

manner. Fig. 2 is a diagram of the chromatogram, 

and in Table 5 are given the analyses of the various 

spots. 

Chymotryptic hydrolysate. (PAc) Fraction PA 
(10 mg.) was treated with chymotrypsin (0-5 mg.) 
at pH 7-5 and the hydrolysate subjected to iono- 
phoresis at pH 6-5 for 3 hr. using 1000v. The bands 
were distributed as shown in Fig. 3 and their com- 
position is given in Table 6. Peptides 1, 2 and 3 
were subjected to partial acid hydrolysis. Peptide 1 
gave rise to the same peptides that were obtained 
from PAp5 (Table 5) together with [Ser, Tyr, 
Leu] corresponding to Alal9 (Ser.Leu.Tyr) and 
[CySO,H, Asp] presumably due to the presence of 
CySO,H.Asp (Acl) in band PAcl. The peptides 
detected in the hydrolysate of PAc2 are listed in 
Table 7. With the exception of a, b and d the same 
peptides were obtained from PAc3. 


The glycyl chain of sheep insulin (fraction SA) 

Partial hydrolysis of peptide SAp5. In Fig. 4 and 
Table 8 are shown the results obtained with a 
partial acid hydrolysate of peptide SAp5 prepared 








Peptide 
(Fig. 2) 
a 


k* 


1* 


m* 
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u 









1953a). 





Amino acids 
found on hydrolysis 


CySO,H 
Glu 
Ala 


CySO,H 
CySO,H 
Glu 
CySO,H 
Thr 
CySO,H 
Ala 
Glu 
Glu 


CySO,H 
Ser 

Val 

Ser 

Gly 
CySO,H 
Ser 

Thr 

Tleu 
CySO,H 
Ser 

Tleu 
Thr 

Ala 


CySO,H 
Ileu or Leu 


Glu 
Gly 
Val 
Tleu 
Glu 
Val 
Tleu 
Glu 
Gly 
Val 
Tleu 
Glu 
Val 
Tleu 
Ser 
Leu 


Leu +Ileu 


Strength 
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Table 5. Peptides from partial acid hydrolysate of peptide PAp5d 
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Corresponding peptide 
from cattle insulin 


Glu.CySO,H.CySO,H 


Cysteic acid 


Glu.CySO,H (A 1«1) 


CySO,H. Ala (A 1y3) 


Glu.Glu (A 184) 


Free glutamic acid 
Ser. Val. CySO,H (A 1€2) 


Free serine 


Free glycine 


Free threonine 


Free alanine 


Gly .Ileu. Val.Glu.Glu (A 1a15) 


Tleu. Val. Glu.Glu (A 1al16) 


Gly . leu. Val.Glu (A 173) 


Tleu. Val. Glu (A 174) 


Ser. Leu (A 1:7) 


Free leucine and isoleucine 


* Spots j, k, 1 and m overlapped considerably on this chromatogram, but could be obtained pure by developing longer 
with both solvents. Peptides k and | were in fact first obtained pure from a fraction of cysteic acid peptides prepared 
by ionophoresis in 0-2N acetic acid of a partial acid hydrolysate of fraction PA (as in Expt. A2 of Sanger & Thompson, 
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in the same way as the partial hydrolysate of 
PAp5d (above). 

Chymotryptic hydrolysate (SAc). Hydrolysis of 
fraction SA with chymotrypsin yielded peptides 
similar to those obtained from fraction PA (Fig. 3), 
and partial hydrolysis of bands SAc2 and SAc3 
produced the same peptides as PAc2 and PAc3 
respectively (Table 7). Partial hydrolysis of SAc1 
gave rise to the same peptides as SAp5 (Table 8) 
together with Ser. Leu.Tyr and CySO,H. Asp. 





1 2 3 4 


+ 30 25 20 15 10 5 O— 
Distance (cm.) travelled from origin towards anode 


Fig. 3. Ionophoresis of chymotryptic hydrolysate of 
fraction A of pig insulin (PAc): pyridine—acetate buffer, 
pH 6-5; 28v/em.; 3hr.; bands located by ninhydrin 
reaction (see Table 6). 


Peptide 
(Fig. 3) Amino acids found on hydrolysis 
1 CySO,H, Asp, Glu, Ser, Gly, Thr, 
Ala*, Tyr, Val, Leu, Ileu 
CySO,H, Asp, Glu, Tyr, Leu 
Asp, Glu, Tyr, Leu 
Ser, Tyr, Leu 


m Co bo 
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summarized in Table 9, where the peptides identified 
in the present work are indicated by underlining the 
corresponding sequence in the formula for cattle 
fraction B. All these peptides were in fact derived 
from peptic hydrolysates of fraction B (PBp and 
SBp). The reference numbers refer to those used in 
Tables 2-4. 

In order to show that a particular position in the 
chain is occupied by the same amino acid residue in 
the pig or sheep as in the cattle insulin, we have 
considered it necessary to detect the amino acid in a 
characteristic small peptide. Such a peptide must 
have a sequence which only occurs once in the chain 
and must contain only one residue of the amino acid 
concerned. This does not give an absolute proof of 
the structure, but it would be an extreme coin- 
cidence if any difference were not detected. In the 
following discussion only the pig insulin will be 
considered. The results with the sheep were 
identical. 


Table 6. Peptides from chymotryptic hydrolysate of fraction PA 


Corresponding peptide in cattle insulin 
Mixture of Ac4, Ac2, Acl 
Glu.Leu.Glu. Asp. Tyr.CySO,H. Asp (Ac3) 


Glu. Leu.Glu. Asp. Tyr (Ac5) 
Ser. Leu. Tyr (Ac6) 


* Alanine present only in trace amounts. 


Table 7. Peptides from partial acid hydrolysate 
of peptide PAc2 


Corresponding peptide 
from cattle insulin 


Amino acids (Sanger & Thompson, 





Peptide found on hydrolysis 19534) 
a CySO,H, Asp CySO,H. Asp (A 1a2 
b CySO,H, Asp, Tyr (Asp).Tyr.CySO,H.(Asp) 
(A la4, A 1a5) 
e Asp, Glu Glu. Asp (A 182) 
d CySO,H, Tyr Tyr.CySO,H (A 1a7) 
e Asp, Glu, Leu Leu.Glu. Asp (A 185) 
f Asp, Glu, Tyr Glu. Asp. Tyr (A lal1) 
g Asp, Tyr Asp. Tyr (A la9) 
h Glu, Leu Glu. Leu.Glu (A 186) 
i Glu, Leu Leu. Glu (A le7) 
j Glu, Leu Glu. Leu (A 16¢8) 
DISCUSSION 


The phenylalanyl chains 


Fig. 1 shows that the ionophoretic separations of the 
peptic hydrolysates of the B fractions from cattle, 


| pig and sheep insulins are identical, suggesting that 


their structures are the same. This is confirmed by 
the fact that all the small peptides found on partial 
hydrolysis of the pig and sheep material had also 
been obtained from cattle insulin. These results are 


36 


Position 1 is occupied by phenylalanine, since 
this is the N-terminal residue determined by the 
DNP method. Peptide PBp11 (Table 2) differs from 
peptide PBp10 in containing a single residue of 
phenylalanine, valine, aspartic and glutamic acids. 
These are the first four residues of the chain of 
cattle insulin and must therefore also be the first 
four of fraction PB. If the relative order of the 
residues was different, it would not have been 
detected, but this would seem to be rather an 
unlikely coincidence. 

Positions 5-11 are well covered by the small 
peptides from partial hydrolysis of PBp10 (Table 4). 
It is interesting to note that the structure of 
peptide PBp10 could not have been determined 
from the peptides isolated, since the simpler 
structure Ser. His. Leu.CySO,H.Gly would in fact 
fit the results. 

Residues 12—15 are found in small peptides from 
the peptic hydrolysate, and residues 16-24 in 
peptides from the partial hydrolysate of PBp7. 
A characteristic peptide present in large amounts in 
the peptic hydrolysate is PBp13, which represents 
residues 26-30. Each residue occurs only once in the 
peptide, which is the same for cattle and pig insulin, 
provided there is no reversal of order. This leaves 
only residue 25 unaccounted for. However, that 
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this is phenylalanine may be concluded from the 
fact that peptide PBt2 contains only the expected 
amino acids and has twice as much phenylalanine 
as glycine or threonine. It may thus be concluded 
that the phenylalanyl chains of pig and sheep 
insulins are identical with the phenylalanyl chain 
of cattle insulin. 


The glycyl chain of pig insulin 


The results with the A fractions are summarized 
in Table 10. Small peptides were obtained to cover 
the whole of the chain and establish that positions 
1—7 and 11-21 are occupied by the same amino acids 
in pig and cattle insulin. 

Ignoring for the present trace amounts, certain 
peptides which had been found in cattle material 
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Fig. 4. Chromatogram of partial acid hydrolysate of 


peptide SAp5. Conditions as in legend to Fig. 2 (see 








Table 8. Peptides from partial acid hydrolysate of peptide SAp5 
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Table 8). 
Corresponding peptide 


Free serine 


Ser. Val. CySO,H (A 1¢2) 


Free glycine 
Free alanine 


Gly .Tleu. Val. Glu.Glu (A 1al5) 
Tleu. Val. Glu.Glu (A 1al16) 
Gly .leu. Val. Glu (A 173) 


leu. Val. Glu (A 174) 


Ser. Leu (A 1:7) + leucine and isoleucine 
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were absent from pig insulin. These were CySO,H. - 
Ala, Val.CySO,H and Ser.Val.CySO,H. In their 
places are found [CySO,H, Thr] (PAp5d), [CySO,H 

Tleu] (PAp5o0), [CySO,H, Ser, Ileu] (PAp5l) and 
[CySO,H, Ser, Thr, [leu] (PAp5k). These sequences 
can only be explained if the amino acid sequence in 
positions 7-11 is CySO,H.Thr.Ser.lleu.CySO,H 
and the structure of the peptides is as shown in 
Table 10. Theoretically the reverse order is possible 
but such a structure would not give large amounts of 
[CySO,H, Ser, leu] and [CySO,H, Ser, Thr, Ileu] 
owing to the lability of bonds involving the amino 
groups of hydroxyamino acids. In this connexion it 
is interesting that the Thr.Ser bond found here is 
considerably more stable than the Ala.Ser bond 
which was never found intact after acid hydrolysis of 
cattle material. 


The glycyl chain of sheep insulin 


The sequence of amino acids in positions 1-7 and 
11-21 is the same in the sheep insulin as for the 
cattle and pig insulin. CySO,H.Ala (SAp5d) is also 
found, as it was found in cattle material, so that 
position 8 is occupied by alanine. The main differ- 
ence between the sheep and cattle fraction A is that 
Ser. Val.CySO,H is virtually absent and in its place 
is found [CySO,H, Gly, Val] (SAp5i), whose struc- 
ture is thus most probably Gly .Val.CySO,H. This 
is confirmed by the presence of the new peptide 
Ala.Gly (SAp5l). The sequence in positions 7—11 is 
thus CySO,H.Ala.Gly.Val.CySO,H. 


General 


Whereas the main peptides produced on partial 
hydrolysis of pig or sheep insulin were those listed in 
Table 10 which were characteristic of the particular 
species, it was always found that small amounts of 
the peptides characteristic of cattle insulin were also 
present. Thus, for instance, Ser.Ileu.CySO,;H was 
obtained in high concentrations from fraction PA, 
but a small amount of Ser. Val. CySO,H was present 
in spot PAp5h. Similarly, preparations of fraction 
PA or PAp5d always contained some alanine. 

To test if this was characteristic of all preparations 
of pig insulin peptide PAp5 was prepared from a 
number of different samples of pig insulin; the 
peptides were hydrolysed and the amino acids 
present separated on a phenol chromatogram. The 
results are shown in Fig. 5. All samples do in fact 
contain alanine, though in varying amounts. 
Sample 1, from which alanine is almost absent, was 
prepared by Lens & Evertzen (1952) and is probably 
the most rigorously purified. The other samples 
were commercially produced. Most of the work 
reported here was done with sample 2, which con- 
tains the most alanine of any. It seems probable 


that this phenomenon is due to contamination of the 
preparations with small amounts of cattle insulin. 
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On the other hand, it is possible that the pig and 
sheep do actually produce more than one type of 
insulin. This effect has never been observed with 
cattle insulin. Within the limits of the methods used 
there is no threonine in the cattle fraction A or 
peptide Ap5 and neither Ser.Ileu.CySO;H nor 
Gly.Val.CySO,H have been found, so that it 
would be strange if cattle produce a single unique 
insulin and pigs and sheep produce more than one. 





Sample of insulin used 
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Fig. 5. Paper chromatograms on phenol-0-3 % (w/v) aqu. 
NH; of hydrolysates of peptide PAp5 prepared from 
various samples of pig insulin. The chromatograms have 
been overloaded to show the presence of alanine. 
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It may, however, be noted that all the work on 
cattle insulin from this laboratory was done with 
insulin from the same source (six-times recrystal- 
lized insulin, Batches 9633B (Sanger & Tuppy, 
1951a, b, and earlier papers) and 9011G (Sanger & 
Thompson, 1953a, b and later papers) from Boots 
Pure Drug Co., Nottingham). It is thus conceivable 
that if traces of insulins having a different structure 
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were present, they might have been lost during the 
recrystallizations. It is hoped to investigate this 
phenomenon further. 

The above results are in qualitative agreement 
with the analyses of Harfenist & Craig (Table 1). 
The pig insulin differs from the cattle insulin in that 
an alanine and a valine residue are replaced by a 
threonine and an isoleucine residue respectively 
and the sheep insulin is the same as the cattle 
except that glycine replaces serine. 

It is interesting that the only structural differ- 
ences are in those residues which lie within the 
disulphide ring in insulin (Ryle et al. 1955). The fact 
that insulin is readily inactivated by any treatment 
that affects the disulphide bonds suggests that they 
may be concerned in its biological activity and it 
might seem that the part of the glycyl chain between 
positions A6—11, which contains three half-cystine 
residues, would be a physiologically important part 
of the molecule, perhaps the ‘active centre’. 
However, it is clear from the present results that the 
activity of insulin is not dependent on the unique 
structure of the residues in these positions, since they 
can vary without any change in activity. 


SUMMARY 


1. The structures of pig and sheep insulin have 
been determined by subjecting them to partial 
hydrolysis and comparing the peptides produced 
with those obtained from cattle insulin. 

2. The amino acid sequence in the phenylalanine 
chains is identical for all three insulins. 

3. The glycyl chains are the same except for three 
residues in positions 8-10 inclusive. In the cattle 
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insulin this sequence is Ala.Ser.Val, in the pig 
insulin Thr.Ser.Ileu and in the sheep insulin 
Ala.Gly. Val. 


Some of the experiments reported here were carried out by 
advanced students during a postgraduate course in bio- 
chemistry. We wish to express our gratitude to them and to 
Dr J. Lens of N. V. Organon, Dr J. G. Faber of N. V. 
Philips-Roxane, Dr O. K. Behrens of the Lilly Research 
Laboratories and Mr F. A. Robinson of Allen and Hanburys 
Ltd. for samples of pig and sheep insulin. 
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Component Fatty Acids of Indian Snake Oils 


By Y. D. KARKHANIS anp N. G. MAGAR 
Department of Biochemistry, Institute of Science, Bombay 1, India 


(Received 22 November 1954) 


Pollard & McLaughlin (1950) reported that the 
lobes of snakes were the main depots of fat which is 
characterized by its higher content of unsaturated 
fatty acids. They also observed in the depot fat of 
the cottonmouth moccasin (Agkistrodon piscivorus) 
the presence of arachidonic acid to the extent of 
11 %. The rest of the fat was largely saturated, and 
hence it did not resemble marine animal oils or 
higher land animal fats, where higher unsaturated 
acids are predominant. 

Tsujimoto & Kobayaschi (1920) proved the 
presence of C,, and C,, unsaturated acids by forming 
their ether-insoluble bromo derivatives from python 


fat having an iodine value 80-3, while Gunstone & 
Paton (1953), using low temperature crystallization 
technique, confirmed that python fat was inter- 
mediate in character between higher land and 
marine animal fats. 

In the present study additional work on the 
component fatty acids of Indian snake oils is 


reported. 
EXPERIMENTAL 


The snake oils from the python (Python molurus) and the 
diamond snake (Python stinotis) in the present study were 
kindly supplied to us by Dr J. N. Barowa of Victoria 
Gardens, Bombay. Both the oils were in a fresh state and 
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were yellowish in colour. These oils were saponified by the 
method of Hilditch (1947) and the mixed fatty acids were 
crystallized at different low temperatures from ether and 
acetone (10 ml./g.). Fractions having different iodine 
values were thus obtained (Table 1). Saturated fractions 
were methylated and the methyl esters were fractionated 
on an electrically heated packed column under reduced 
pressure (Longnecker, 1937). 
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Fraction D, obtained in the above crystallization, was 
a mixture of highly unsaturated fatty acids; it was therefore 
isomerized and the percentages of di- and tri-ethenoid acids 
were assayed (Hilditch, Patel & Riley, 1951) by measuring 
the absorption at 234 and 268 mu. respectively with a 
Beckman spectrophotometer. The ultraviolet absorption 
spectrum of the isomerized sample was studied to investigate 
the presence of other polyunsaturated acids. An attempt 


Table 1. Low temperature crystallization of fatty acids from snake fats 














Python fat Diamond snake 
~~ c A ‘ 
Weight Weight 
(As % of Todine (As % of Iodine 
Fraction (g.) total) value Fraction (g-) total) value 
A. Insoluble at —30° in 25-0 28-1 12-8 A’ 25-1 29-8 30-5 
ether (insoluble at — 55° in 
acetone) 
*B. Soluble at —30° in 21-9 24-7 80-6 B’ 34-1 40-5 64-4 
ether (insoluble at — 55° in 
acetone) 
*C. Insoluble at —'70° in 22-0 24-9 80-8 Cc’ 12-0 14:3 82-6 
acetone (soluble at — 55° in 
acetone) 
D. Soluble at —'70° in 19-9 22-3 140-4 D 13-0 15-4 190-7 
acetone (soluble at — 55° in 
acetone) 
* Fractions B and C from python fat were mixed and denoted as fraction Z in Table 2. 
Table 2. Component acids of python fat 
All values except in last column are % (w/w) of total. 
Fraction 
cee 
Acids A E D Total Moles % 
Myristic — — —_— oe _— 
Palmitic 14-15 1-90 - 16-05 15-78 
Stearic 8-26 1-84 — 10-10 9-80 
Arachidic 1-75 0-50 — 2-25 1-99 
Tetradecenoic — —- — _ — 
Hexadecenoic 0-33 4:47 - 4-80 5-21 
Octadecenoic 2-37 38-90 -- 41-27 45-24 
Octadecadienoic — 0-27 7-33 7-60 7-47 
Octadecatrienoic — —— 3-00 3-00 2-97 
Eicosenoic 1-24 1-70 8-93 11-87 10-54 
Docosenoic — — 3-06 3-06 2-49 
Table 3. Component acids of diamond snake oil 
All values except in last column are % (w/w) of total. 
Fraction 
a 
Acids A B C D Total Moles % 
Mpyristic 0-39 0-86 0-35 a 1-60 1-95 
Palmitic 11-17 3-57 1-01 -— 15-74 17-01 
Stearic 7-82 5-40 0-08 —— 13-30 13-09 
Arachidic 1-03 — — _ 1-03 0-84 
Tetradecenoic 0-01 0-07 0-12 —— 0-20 0-25 
Hexadecenoic 1-73 2-56 0-88 -— 5:17 5-6 
Octadecenoic 5-80 22-84 8-12 — 36-76 36-21 
Octadecadienoic - 0-08 0-67 8-69 9-44 9-5 
Octadecatrienoic — — — 3-16 3-16 3-2 
Eicosenoic 1-85 5-14 3-02 2-78 12-79 11-5 
Eicosatetraenoic — — — 0-81 0-81 0-85 
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was also made to prepare the bromo derivatives (Markley, 
1947) of this fraction. 

The composition of the whole oil was calculated from the 
iodine values and saponification equivalent of each indi- 
vidual fraction obtained after methyl ester fractionation 
(Hilditch, 1947) (Tables 2 and 3). 


RESULTS AND DISCUSSION 


Python fat had iodine value 75-4 and saponification 
equivalent 292-9; its mixed fatty acids showed 
iodine value 75-7. 

In diamond snake oil, the iodine value and 
saponification equivalent observed were 76-7 and 
289-9 respectively, and the mixed fatty acids had 
iodine value 76-8. 

Saturated acids were present in both the oils, 
almost to the same extent; but in diamond snake oil 
the percentage was slightly higher. Palmitic and 
stearic acids were the major components. 

Though diamond snake oil contained much 
hexadecenoic and eicosenoic acids, python fat had 
a definitely higher content of octadecenoic acid 
(41%). More than 10% eicosenoic acid was found 
in both fats and it seemed to be characteristic of 
these fats. Octadecadienoic and octadecatrienoic 
acids were present in both, almost to the same 
extent. 

Higher polyunsaturated acids were present only in 
traces. Eicosatetraenoic acid was present (0-81 %) 
in diamond snake oil, but was absent from python 
fat. Docosenoic acid (3°), however, was found in 
python fat. The spectra shown by fractions D and 
D’ of python fat and diamond snake oil after iso- 
merization with 7-5% alkaline ethylene glycol at 
180° for 1 hr. and at 170° for 15 min. indicated the 
presence of 33-7 and 56-3 % of octadecatrienoic acid 
and 13-5 and 20-5% of octadecatrienoic acid re- 
spectively. The absorption spectrum of the iso- 
merized sample of fraction D of diamond snake oil 
showed a low peak at 303 my. and a failure to 
isolate an ether-insoluble bromo derivative indi- 
cated that eicosatetraenoic acid occurred only in 
traces. 

Fractions D and D’ were highly coloured and had 
saponification equivalents 309 and 320 (approxi- 
mately) respectively. Apart from a small amount of 
eicosatetraenoic acid in one case, the polyethenoid 
acids responsible for the ultraviolet absorption after 
isomerization were assumed to belong to the C,, 
series only. From these absorption values and the 
iodine value of the fraction (D or D’), it was possible 
to calculate the iodine value of the remaining acids, 
which from the high saponification equivalents 
must be mainly from the C,) and C,, series. 

Comparison of the present data with those for 
python fat obtained by Gunstone & Paton (1953) 
shows that the iodine values of all these fats were 
very close (Table 4). The saturated acid content was 
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almost the same in all cases. The python fat 
analysed by the British authors contained more 
palmitic acid than the two Indian snake oils. There 
was, however, no marked difference in the stearic 
acid content. 


Table 4. Component acids (%, w/w) of python fat 
and diamond snake fat 


Diamond 
Python fat snake fat Python fat 
(present (present (Gunstone & 
Acids work) work) Paton, 1953) 
Myristic — 1-60 1-3 
Palmitic 16-05 15-74 19-7 
Stearic 10-10 13-30 10-8 
Arachidic 2-25 1-03 1-2 
Tetradecenoic — 0-20 0-5 
Hexadecenoic 4-80 5-17 3-9 
Octadecenoic 41-27 36-76 47-0 
Octadecadienoic 7-60 9-44 10-7 
Octadecatrienoic 3-00 3-16 0-8 
Eicosenoic 11-87 12-79 4-1 
Eicosatetraenoic -- 0-81 “= 
Docosenoic 3-06 a a 





Among the unsaturated acids of python fat 
(Gunstone & Paton, 1953) octadecenoic acid was 
a major component, followed by octadecadienoic 
acid, eicosenoic acid being present in small amount. 
In the Indian snake oils, octadecenoic acid was pre- 
dominant; it was next followed by eicosenoic acid, 
whilst octadecatrienoic acid was present only in 
traces. 

Both the polyunsaturated acids found by us 
(eicosotetraenoic acid in diamond snake oil, and 
docosenoic acid in python fat) were completely 
absent from the fat analysed by Gunstone & Paton 
(1953). 

The presence, in snake oils, of unsaturated acids 
such as octadecadienoic, octadecatrienoic, eico- 
senoic and eveneicosatetraenoic and docosenoic acids 
provides a striking difference from the depot fats of 
higher land animals. The content of polyunsaturated 
fatty acids wasmuch smaller than in a typical marine 
animal oil. Hence it may be concluded that snake fats 
are typical neither of higher land animal fats nor of 
marine animal oils, but form a link between the two 
as suggested by Klenk (Klenk, 1933; Klenk, Ditt & 
Diebold, 1935) and by Hilditch (1947). 


SUMMARY 


1. The component fatty acids of the oils of two 
Indian snakes (Python molurus and P. stinotis) were 
studied using low temperature crystallization tech- 
nique. 

2. Palmitie and stearic acids were the major 
components present in the saturated portion. 
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3. Among the unsaturated acids, octadecenoic 
acid was present together with eicosenoic acid. 

4. Polyunsaturated acids were absent, eico- 
satetraenoic acid was present only in traces in 
diamond snake oil but docosenoic acid occurred to 
the extent of 3% in python fat. 
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Liver Catalase in the Riboflavin-deficient Mouse 


By D. H. ADAMS 
Cancer Research Department, London Hospital Medical College, London, E. 1 


(Received 7 September 1954) 


Work so far carried out in this laboratory has shown 
that testicular and adrenal hormones and trace 
metals are of importance in the maintenance of 
liver-catalase activity in the normal mouse (Adams, 
1950a, 1952, 1953a). In the search for additional 
factors influencing the catalase activity the effects 
of riboflavin deficiency have been studied, and 
some results of this work are described in the present 
paper. It had been hoped to pursue the subject 
further before publication, but work has been held 
up for some time by an infection of the liver in the 
strain of mice used (‘Tyzzer’s disease’). Previous 
experience here has indicated that a variety of 
infectious diseases in which the liver is directly 
involved (‘Tyzzer’s disease’, salmonella infections, 
and ectromelia) result in a lowered liver-catalase 
activity, and a reduction or disappearance of the 
normal sex difference in enzyme level. Further, 
under such conditions, attempts to change the 
liver catalase level by hormone infection are quite 
unsuccessful. Since two brief reports of the present 
work on riboflavin deficiency have already appeared 
(Adams, 19536, 1954) it seemed desirable to publish 
in full the experimental results obtained up to the 
outbreak of the epidemic. These results suggest 
that testosterone, which is responsible for the sex 
difference in catalase activity in normal mice, 
requires the presence of riboflavin for its action on 
the enzyme level. 


EXPERIMENTAL 


Animals. Mice of a stock albino strain were used. Water 
was provided ad lib. 
Diets. Mice fed normal diet were given commercial ‘rat’ 


cubes prepared according to the Rowett Institute formula 
(Thomson, 1936). 

A diet designed to induce riboflavin deficiency was pre- 
pared by British Drug Houses Ltd. according to the follow- 
ing recipe: 


% 

Casein, ‘fat and vitamin free’ 21 
Sucrose 32-5 
Rice starch 32°5 
Arachis oil 9-1 
Agar 1-0 
Salt mixture 2-0 
Succinyl sulphathiazole* 1-0 
Vitamin mixture 0-85 


* Altered to succinyl sulphathiazole, 0-75%, strepto- 
mycin sulphate, 0-25%, in later experiments. 


The salt mixture was prepared according to the method of 
Hubbel, Mendel & Wakeman (1937). 

The vitamin mixture per 5 kg. of diet was as follows: 
thiamine 30 mg., pyridoxine 30 mg., biotin 1 mg., nicotinic 
acid 250 mg., calcium pantothenate 200 mg., folic acid 
17 mg., inositol 200 mg., p-aminobenzoic acid 100 mg., 
vitamin B,, 1 mg., ascorbic acid 500 mg., tocopherol 
acetate 350 mg., 2-methyl-1:4-naphthoquinone (Menaph- 
thone) 150 mg., choline chloride 20 g., cod liver oil 20g. 
These substances were mixed in with the rest of the diet. 
Since the average amount of diet eaten by the mice was 
about 3g. each/day, each mouse received approximately 
1/1700 of these quantities/day. The powder was moistened 
with sufficient water to give a rather dry dough ‘approxi- 
mately 1 ml./5 g. of diet). The diet of pair-fed control groups 
receiving a riboflavin supplement was prepared by moisten- 
ing the powder with water containing 25 yg. of riboflavin/ 
ml. (i.e. providing 15 wg./mouse/day). 

Mice were placed on the diéts at weanling age (weight 
about 12 g.). 
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Riboflavin antagonist. A sample of the riboflavin an- 
tagonist 6:7-dichloro-9-p-1’-ribitylisoalloxazine (RA) was 
kindly provided by Roche Products Ltd. This was injected 
intraperitoneally in saline solution. 

Estimation of liver-catalase activity. 
described (Adams, 19506, 1952). 

Operative procedure. Castration was carried out as 
previously described (Adams, 1952). 

Hormone. This was testosterone, commercially supplied 
for implantation. This substance was injected in 100 yg. 
doses, dissolved in the minimum quantity of aqueous 
ethanol (50%, v/v). 


As previously 


RESULTS 
Use of the diet 


Weanling mice placed on the riboflavin-free diet 
showed an almost complete failure of growth. 
Other symptoms of deficiency were rarely observed 
but mortality was high after about six weeks. Fig. 1 
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Fig. 1. Growth curves of weanling male mice placed on 
the riboflavin-deficient diet (@—@), the deficient diet 
supplemented with riboflavin, pair-fed (x-—-- x), the 
cube diet pair-fed (©---©), and the cube diet ad lib. 
(4---A). Results in this and the next three figures 
are given as arithmetic means+s.£.M. with 6-8 animals/ 
group. 


shows typical growth curves of mice kept on the 
deficient diet, pair-fed on the deficient diet supple- 
mented with riboflavin, pair-fed on the cube diet, 
and fed ad lib. on the cube diet. The mice on the 
riboflavin-deficient diet ate about 3g. each/day 
compared with 6-7 g. each/day eaten by the ad lib. 
cube-diet groups. The graph shows that no growth 
was obtained in the deficient group, while there was 
a steady growth rate in the pair-fed groups. In 


CATALASE AND RIBOFLAVIN DEFICIENCY 


569 


these latter mice the cube diet produced a slightly 
higher growth rate than the synthetic diet and 
added riboflavin. This appeared to be due largely to 
very slow growth in the first week of feeding the 
synthetic diet. The mice seemed to require a few 
days to settle down but subsequently took the diet 
well. It was found in preliminary experiments that 
unless agar was included, the mice suffered from 
diarrhoea. The results of catalase estimations on the 
mice described in Fig. 1 are given in Fig. 2. How- 
ever, since catalase measurements were not always 
made when the mice were weighed, more points 
appear in Fig. 1 than in Fig. 2. 


Catalase levels in riboflavin-deficient mice 


Fig. 2 shows liver-catalase activities in three 
groups of male mice at intervals after being placed 
respectively on the riboflavin-free diet, the ribo- 
flavin-free diet supplemented with riboflavin (pair- 
fed), and the cube diet (pair-fed). A group of mice 


Catalase activity (arbitrary units/mg. N) 





Time (weeks) 


Fig. 2. Liver-catalase activities in weanling male mice kept 
on the riboflavin-deficient diet (@—@), the deficient diet 
supplemented with riboflavin, pair-fed (x-—-- x), the 
cube diet pair-fed (©---©), and the cube diet ad lib. 
(---). Testosterone was injected into the first three 
groups after 4 weeks. 


receiving the cube diet ad lib. was also included. 
During 4 weeks the catalase activity fell in the first 
three groups, although the usual rise to adult level 
occurred in the ad lib. cube-diet group. Normally 
the catalase activity in male weanling mice rises to 
adult level within 2-3 weeks. It was considered that 
the fall in activity in the experimental mice might 
be caused by an interference with testosterone 
secretion due to the decrease in total food intake, 
and so, after 4 weeks on the diets, daily injections of 
testosterone were given. A rise to the normal adult 
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level was obtained in the pair-fed groups, there 
being no change in the riboflavin-deficient group. 
In an entirely separate experiment using male mice 
(Fig. 3) daily injections of testosterone were started 
earlier. Under these conditions the catalase level in 
pair-fed controls rose to normal, while that in the 
riboflavin-deficient animals fell as in the previous 
experiment. Riboflavin was then added to the diet 
of the deficient animals, testosterone still being 
injected. The dietary intake was held down to the 
amount eaten by the riboflavin-deficient group 
immediately prior to the addition of riboflavin. 
Within a week the catalase activity of the group 
which had been deficient rose to normal. A rapid 
weight increase also followed the feeding of ribo- 
flavin to deficient mice. 

In this experiment haemoglobin estimations were 
also made in parallel with the catalase measure- 
ments. The results are shown in Table 1. No 
significant variations in haemoglobin level were 
observed, the values in all groups being approxi- 
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Fig. 3. Liver-catalase activities in weanling male mice 
kept on the riboflavin-deficient diet (@—@®), the deficient 
diet supplemented with riboflavin pair-fed (x---~x), 
the cube diet pair-fed (©---©), and the cube diet 
ad lib. (A---A). Testosterone was injected daily 
after 3 weeks into the first 3 groups and riboflavin given 
to the deficient mice after 4-5 weeks. 
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mately equal to that of the ad lib. cube-diet mice at 
all stages. 

Groups of female mice were also placed on the 
riboflavin-free diet. No change in catalase activity 
occurred in either the deficient or pair-fed control 
groups (Fig. 4), the level in both cases being normal. 
However, once again testosterone injection pro- 
duced a rise in catalase activity only in the groups 
receiving either a riboflavin supplement, or pair-fed 
on the cube diet. 
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Fig. 4. Liver-catalase activity in weanling female mice 
placed on the riboflavin-deficient diet (@—@), the 
deficient diet supplemented with riboflavin pair-fed 
( x—--— x), the cube diet pair-fed (© - - - ©), and the cube 
diet ad lib. (A---A). Testosterone was injected into 
the first 3 groups after 5 weeks. 


Results using the riboflavin antagonist 


The experiments already described suggest that 
testosterone does not exert its normal action on 
catalase activity in the absence of riboflavin. 
Further, the normal catalase level in female mice 
suggests that the adrenal factor affecting catalase 
level (Adams, 1952) does not need the intervention 
of riboflavin. Confirmatory evidence was sought by 
following the change in catalase level occurring in 
mice injected with RA. Fig. 5 shows the catalase 





Table 1. Haemoglobin levels in normal male mice compared with those in riboflavin-deficient 
and pair-fed mice 


Haemoglobin levels are given in g./100 ml. as arithmetic means+s.E.M. Eight animals/group. 


Weeks on diet 


SSS ae ee 


Mice 0 
Riboflavin-deficient diet — 
Riboflavin-deficient diet supple- | 14-5+0-5 


Cube diet (pair-fed) 
Cube diet ad lib. 


mented with riboflavin (pair-fed) 


2 3 4:5 55 
16-5+0-3 16-8 +0-2 16-0 +0-4* 14-8405 
15-9+0-2 16-3+0-4 16-0+0-4 14-5+0°5 
17-0+0-6 — 16-2+0-6 _ 

— 15-8+0-6 4 _ 16-2405 


* Riboflavin added to diet. 
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activities of normal male mice after single injections females although there was possibly a slight late fall 

of 100 pg. of RA. A further group of these mice was in catalase activity. In the males, the enzyme 

castrated to determine the castration level. The activity fell after 48 hr., rose to normal at the 

graph shows that 100 ug. of RA reduced the catalase seventh day, and subsequently began to fall again, 

activity of normal males to the castration level after reaching a constant level about 14 days after the 

48 hr., the normal level being restored after a start of the experiment. 

further 48 hr. Increasing the dose of RA to 500 yg. 

produced the same effect. Fig. 5 also shows that DISCUSSION 

little or no change in the catalase level of castrated 

males resulted from the injection of 500 ng. RA. 
The continuous daily injection of 250 pg. RA into 

normal males and normal females gave the result 

shown in Table 2. Little change occurred in the 


In all investigations involving the deprivation of an 
essential food factor, two separate processes are 
involved: the deficiency of the factor itself, and the 
concomitant fall in total food intake. It has been 
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Fig. 5. (a) Liver-catalase activities in normal young adult male mice after a single injection of riboflavin antagonist, 
compared with the catalase activities of castrated males from the same batch. Injected with 100 yg. of antagonist 
(©O---©), with 500 ug. (@—@). Normal controls at 0 day, @, castrated controls, A. The crosses represent the 
arithmetic mean values of the groups, and the points, (@, ©, A), individual mice. (b) Liver-catalase activities of 
castrated male mice after a single injection of 500 yg. of riboflavin antagonist. 








Table 2. Catalase activities in young adult male and female mice during a course of daily injections 
of 200 ug. of riboflavin antagonist 
Catalase levels are given in arbitrary units as arithmetic means+s.z.mM. Eight animals/group. 


Days of injection 








Ze 
0 2 4+ 7 11 17 22 

Males 139+5-3 103 +5-5 122+7-2 135+ 9-2 116+6-0 92+7°8 104+5-2 

Females 95+3-9 9443-8 92+7°8 _— 80+3-2 78+6-4 87+7°5 
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known for some years that rat-liver catalase 
activity is decreased in starvation (Miller ,1947), but 
the effects of a chronic food deficiency on catalase 
activity do not appear to have been studied. It has 
also been shown in the rat that chronic underfeeding 
results in a diminution of testosterone secretion 
(Mulinos & Pomerantz, 1941). The results already 
described have shown that weanling male mice 
whose food intake is reduced, by pair-feeding with 
riboflavin-deficient groups, to 40—50 % of normal do 
not exhibit the rapid rise in catalase activity to 
adult level which normally occurs after about two 
weeks. In fact some decrease in catalase activity 
below the weanling level may be observed. Male 
mice kept on a riboflavin-free diet show the same 
effects as far as their liver-catalase level is con- 
cerned. After the injection of testosterone, how- 
ever, the catalase level in pair-fed mice receiving 
a riboflavin supplement (or normal diet) rose to 
normal, but remained unaltered in riboflavin- 
deficient mice. The results have also shown that 
feeding riboflavin to deficient mice receiving 
testosterone is followed by a restoration of catalase 
activity to normal. 

The catalase activity of female mice on the 
various diets remained unchanged. Again, however, 
a rise in catalase activity after testosterone in- 
jection was seen only in the groups receiving 
riboflavin. 

These results suggest that testosterone cannot 
exert its normal effect on catalase in the absence of 
riboflavin. The experiments with single doses of 
riboflavin antagonist were consistent with this view, 
by showing that the catalase level of normal males, 
but not of castrated males, fell after injection. 
Continuous daily injections of riboflavin antagonist 
produced little or no change in female catalase 
level. The result in males was unexpected, in that 
although their catalase activity was depressed 
48 hr. from the beginning of the experiment, the 
level rose to normal by the seventh day; a further 
fall in enzyme level was then observed. This might be 
explained by supposing that, to meet the stress of 
the antagonist, reserves of riboflavin are brought 
into play, but that its continued administration 
eventually overcomes the liver’s attempt to restore 
normal conditions. In any event, this phenomenon 
of a return to normal of catalase activity during the 
continuous injection of a catalase depressing sub- 
stance is not confined to the riboflavin antagonist. 
Adams & Roe (1953) found that 4-dimethylamino- 
azobenzene, and hydroxylamine, gave the same 
effect during continuous daily injections; these 
experiments did not however extend beyond 4 days. 
The catalase activity of female mice was reduced, 


D. H. ADAMS 


1955 


over a 4-day injection period, by these two sub- 
stances, but, as the present experiments show, the 
riboflavin antagonist did not have this effect. 


SUMMARY 


1. The catalase activity of weanling male mice 
placed on a riboflavin-deficient diet, and of pair-fed 
animals receiving a riboflavin supplement, does not 
show the rise to adult level which normally occurs 
after 2-3 weeks. 

2. The injection of testosterone into mice kept 
for 3 or more weeks on the diets results in a rise in 
catalase activity only in groups receiving riboflavin. 
No change in catalase level occurs in the riboflavin- 
deficient groups. 

3. The catalase level of female mice is not altered 
either by riboflavin deficiency or the restriction in 
total dietary intake involved in pair-feeding. 
Again, however, the catalase activity of riboflavin- 
deficient groups is not raised by testosterone 
injection. 

4. Blood haemaglobin level remains normal in 
riboflavin deficiency. 

5. A single injection of a riboflavin antagonist 
reduces the catalase activity of normal males to the 
castration level within 48 hr. After a further 48 hr. 
the catalase level returns to normal. There is no 
change in the catalase level of castrated males 
after the injection of antagonist. 
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Some Properties of Alkaline Phosphatase of Cow’s Milk 
and Calf Intestinal Mucosa 


By R. K. MORTON* 
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The purification of the alkaline phosphatases of 
cow’s milk and calf intestinal mucosa as previously 
described (Morton, 1950, 1953a, 1954a) was 
initiated in order to enable investigation of the 
properties of these enzymes. The need for such 
a study has been well recognized (see Moog, 1946, for 
example), but hitherto all work has been carried 
out with crude or partially purified enzyme pre- 
parations. Moreover, all previous workers have used 
prolonged autolysis or proteolysis to separate 
alkaline phosphatases from animal tissues, and the 
extent of modification of these proteins by such 
treatments is still uncertain. These undesirable 
procedures may be avoided, however, by using the 
butanol procedure (Morton, 1950) to separate 
alkaline phosphatases from the lipoprotein material 
with which they are normally associated (Kabat, 
1941; Chantrenne, 1947; Hers, Berthet, Berthet & 
de Duve, 1951; Morton, 19536, 1954a, b). 

Some of the properties of the purified enzymes are 
described in this paper. Particular attention has 
been given to the chemical constitution, the 
activity—pH relationship, metal activation and the 
effects of alanine and glycine. All these have been 
the subjects of conflicting statements in the ex- 
tensive literature concerning alkaline phosphatases. 

It has been found that bovine milk and intestinal 
phosphatases are two different enzymes but of 
similar substrate specificity. No evidence has been 
obtained in support of numerous claims for an 
organic coenzyme of alkaline phosphatase. 


MATERIALS AND METHODS 


Enzyme substrates 


Except where otherwise indicated, these were commercial 
preparations. They were tested for the presence of con- 
taminant phosphorylated compounds, using paper chro- 
matography as described by Hanes & Isherwood (1949), 
except in the case of nucleotides, for which the procedure 
of Markham & Smith (1951) was used. Where necessary, 
inorganic phosphate was removed from substrates by 
precipitation with ammoniacal magnesia, and the excess 
ammonia was then removed over conc. H,SO, in vacuo. The 
concentration of substrate was determined by estimation of 
organic phosphate. 

* Present address: Department of Biochemistry, 
University of Melbourne, Australia. 


Buffers 


Veronal (sodium diethyl barbiturate). A slight inhibitory 
effect found in commercial samples was eliminated by the 
following treatment. The free acid was precipitated from a 
saturated soln. of veronal by the dropwise addition of conc. 
HCl and then twice recrystallized from hot distilled water. 
Buffers were prepared by dissolving the free acid in the 
appropriate amount of carbonate-free NaOH (2N). The 
inhibitory action of commercial samples is probably due to 
traces of heavy metal salts. 

Ethanolamine. This was distilled at about 100° under 
vacuum (approx. 15 mm. mercury). Buffers were prepared 
by the addition of n-HCl to monoethanolamine (4m). 


Enzymes 


Unless otherwise indicated, the experiments described in 
this paper were carried out during 1950 and early 1951, 
using alkaline phosphatases purified from cow’s milk 
(Morton, 1950, 1953a) and calf intestinal mucosa (Morton, 
1950, 1954.4). The enzymes were prepared in 1949 and early 
1950, and stored as dry powders over fused CaCl, in an 
evacuated desiccator held at about 0°. After twelve months 
storage, the specific activities (determined as pg. P liberated/ 
min./mg. protein-N) of the preparations were approx. 70% 
(milk enzyme) and 60% (intestinal enzyme) of the values 
when immediately isolated. 

The alkaline phosphatases from cow mammary gland 
and from ox kidney were partially purified preparations 
obtained as previously described (Morton, 1954a). 

The enzymes were dissolved in dilute (0-05m) veronal— 
sodium acetate-HCl buffer (Michaelis, 1931), pH 6-8, 
before use and held at about 0° in stoppered tubes containing 
a little toluene vapour. They were found to be quite stable 
for up to 1 month under these conditions, whereas consider- 
able inactivation of the enzyme may occur if held at — 15° 
(Morton, 1954a). 

Alkaline phosphatase activity. This was generally deter- 
mined by estimating the rate of hydrolysis of sodium 
B-glycerophosphate as previously described (Morton, 1953, 
1954a). As indicated in the appropriate sections, the 
experimental conditions have been varied as necessary. All 
activities were determined at 38°. Usually the incubation 
period was 5 min., although this was extended to 15 min. in 
some cases as indicated later. 

The units of activity and specific activity have been 
defined previously (Morton, 19536). In order to permit 
ready comparison of different experiments, the results are 
reported as rates of hydrolysis relative to that of the maximal 
(or arbitrarily chosen) rate, which is assigned the value of 100. 
In many cases, this figure approximates to the true initial 
rate of hydrolysis, expressed as pg. inorganic P liberated/ 
min./ml. stock enzyme solution. 
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Phosphate. In determining enzymic activities, the pro- 
cedure of Fiske & Subbarow (1925) was used. The phos- 
phorus contents of the purified enzymes was estimated 
using the procedure of Weil-Malherbe & Green (1951), the 
quantities of materials being reduced proportionately so 
that the colour was developed in a final volume of 5 ml. 
instead of 10 ml. The optical density was measured in a 
Beckman spectrophotometer at 700 my. using a 1 cm. 
cuvette, thus enabling approx. 0-2ug. phosphorus to be 
detected. 

Nitrogen. This was determined by a micro-Kjeldahl pro- 
cedure. Initially, the ammonia was determined by distilla- 
tion and titration. Later, because of the limited amount of 
purified enzymes available, a modification of the colori- 
metric procedure described by King (1951) for estimation of 
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and the remaining solutions were dialysed in cellophan sacs 
against large volumes of glass-distilled water at 0-5° for 
48 hr. with continuous mechanical stirring. The dry weights 
were determined by drying 2 ml. of each of the solutions over 
P.O; in vacuo for 48 hr. at 30°. The remaining material was 
used for the chemical analyses described below. 

Nitrogen. The total nitrogen contents were estimated as 
16-2 % (milk enzyme) and 15-2 % (intestinal enzyme). 

Phosphorus. No organic phosphate was detected using 
0-2 mg. of the milk enzyme and 0-5 mg. of the intestinal 
enzyme. Since the method previously described would 
detect 0-2 ug. phosphorus, the phosphorus contents are less 
than 0-1%. 

Carbohydrate. When 0-1 mg. of each enzyme was tested 
using the Molisch reaction, no carbohydrate could be 





Table 1. The influence of temperature on the pH values of various buffer systems 
at approx. 0-07M concentration 


The buffers were prepared according to published directions as follows: glycine-NaOH, Sorensen (1912); veronal—HCl, 
Michaelis (1930); veronal—Na,CO,-HCl, King & Delory (1940); Na,CO,-NaHCO,, Delory & King (1945). 


pH at approx. 38° 


ee] FFF eeeo''[“X'-_——_—_—_—_—_—_—_—_—_—_—_—_—_—_—_—_———————————_ 


pH at Glycine- Ethanolamine- 
approx. 20° NaOH HCl 
8-5 8-15 8-2 
9-0 8-65 8-7 
9-2 8-8 8-85 
9-4 9-0 9-15 
9-6 9-2 9-25 
9-8 9-4 9-4 
10-0 9-6 9-6 
10-2 9-8 9-8 
10-4 10-0 10-0 
10-6 10-15 10-1 





serum protein was used. The sample was digested overnight 
after addition of the sulphuric acid—catalyst reagent (King, 
1951). After cooling, 3 ml. of distilled water were added, 
followed by 3 ml. of the Nessler reagent, added rapidly from 
a wide-bore pipette. The flask was vigorously agitated at 
the same time to ensure immediate mixing. The optical 
density was measured at 480 my. using a 1 cm. cuvette. 
Linear response was obtained over the range 10-60 yg. N, 
using ammonium sulphate, glycine, glycylglycine, and 
three-times recrystallized ovalbumin as standards. 

pH Measurement. Because of the large change of pH 
with temperature which occurs with most buffers at 
alkaline pH values, it is important to express pH values for 
the temperature used in measuring enzymic activity. The 
pH values of the buffer systems used, at approx. 0-07M 
concentration, were estimated both at 20 and 38°. There- 
after, the pH values of the reaction mixtures were measured 
at approx. 20° and the necessary corrections, based on the 
determinations with pure buffers, as shown in Table 1, were 
applied to obtain the pH values at 38°. Unless otherwise 
indicated, all pH values given refer to 38°. 


EXPERIMENTS AND RESULTS 
Chemical analyses of the purified phosphatases 


The dried enzymes (Morton, 1953a, 1954) were dissolved in 
glass-distilled water. The absorption spectra (see below) and 
the nitrogen content were determined on suitable portions 








Veronal—HCl Veronal— Na,CO,— 
(or NaOH) Na,CO,-HCl NaHCO, 
8-4 oe = 
8-85 ~ _ 
9-05 -- = 
9-2 9-2 9-25 
9-4 9-45 9-45 
9-6 9-65 9-65 
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Fig. 1. Absorption spectra of different alkaline phosphatase 
preparations in distilled water at pH 7-7 and 20°, protein 
concentration 1 mg./ml. in each case. O—O, Purified 
intestinal phosphatase; @—@, purified milk phospha- 
tase; +—+, partially purified kidney phosphatase. 
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detected (Morton, 1952). More recently, 0-3 mg. of each 
enzyme was tested using the anthrone reagent according to 
the method of Chung & Nickerson (1954). Using as a 
standard three-times recrystallized ovalbumin (carbo- 
hydrate content, 1-8%; Neuberger, 1938), it was estimated 
that the milk enzyme contained less than 2%, and the 
intestinal enzyme approx. 2% carbohydrate. 

Nucleotides and related compounds. The absorption 
spectra of the phosphatases, brought to pH 7-7 with 0-01 n- 
NaOH, were measured using 1 cm. cuvettes with a Beckman 
DU spectrophotometer. Readings were made against glass- 
distilled water. 

Both protein solutions were colourless and water clear 
and, as expected, showed no measurable absorption in the 
visible region of the spectrum. The absorption spectra in the 
ultraviolet region, given for a protein concentration of 
1 mg./ml., are shown in Fig. 1, together with the spectrum of 
partially purified phosphatase from bovine kidney. 

It is apparent from inspection that the preparations are 
virtually free of nucleotides or related compounds which 
absorb strongly at or near 260 my. 

Tyrosine and tryptophan. These were estimated from 
absorption spectra of the enzymes in 0-1 N-NaOH, using the 
procedure of Goodwin & Morton (1946) with the modifica- 
tions of Beavan & Holiday (1952). The values obtained are 
shown in Table 2. 





Table 2. The tyrosine and tryptophan contents 
of alkaline phosphatases 


The proteins were dissolved in 0-1N-NaOH and determi- 
nations were made by the spectrophotometric method of 
Goodwin & Morton (1946). 


Moles/10° g. 
-—————__ Ratio: 
Trypto- _ tyrosine 
Protein Tyrosine phan _— tryptophan 
Milk phosphatase 27 13 2-1 
Intestinal phosphatase 26 ll 2-3 


The optimum pH for hydrolysis by 
phosphatases of different origin 


The optimum pH for hydrolysis varies with the nature of 
the substrate and with the substrate concentration (Delory 
& King, 1943; Morton, 1952). However, alkaline phos- 
phatases from different sources may legitimately be com- 
pared on the basis of the optimum pH for hydrolysis of a 
selected substrate at a known concentration. 

A suitable buffer system must be selected for such deter- 
minations. Aebi (1948), using a crude preparation of 
alkaline phosphatase from rat kidney, observed large 
differences in the optimum pH values for hydrolysis of 
sodium f-glycerophosphate (0-016Mm) in different buffer 
systems when activities at 37° were plotted against pH 
values at 20°. When Aebi’s results are re-plotted so as to 
allow for the differing temperature coefficients of the various 
buffer systems (see Table 1), the differences in optimum pH 
values are either eliminated or considerably reduced. How- 
ever, such plots still show that the optimum pH value in 
Na,CO,—-NaHCO, buffer (0-1m) is about 0-2 pH unit below 
that obtained with glycine-NaOH (0-1m) and veronal—HCl 
(0-1m) buffers. A number of preliminary experiments con- 
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firmed that activities, as well as optimum pH values, for 
both milk and intestinal phosphatases are somewhat 
depressed in Na,CO,-NaHCO, buffer as compared with 
values obtained with ethanolamine—HCl (0-05m) buffer. 
Hence buffers containing carbonate or other inhibitory 
anions (Zittle & Della Monica, 1950a, b) were avoided in 
determining optimum pH values. In a large number of 
different experiments, very similar results have been ob- 
tained with veronal—HCl and ethanolamine—HCl buffers. 

Activities were therefore determined in ethanolamine— 
HCl buffer (0-04) with sodium B-glycerophosphate (0-02 m) 
as substrate. Duplicate tubes were used for measurement of 
the pH of the reaction mixtures. The activity/pH curves for 
the purified enzymes from milk and intestinal mucosa are 
shown in Fig. 2. It is seen that the optimum pH forthe milk 
enzyme (pH 9-65) is higher than that for the intestinal 
enzyme (pH 9-45). Similar differences in the optimum pH 
of hydrolysis by these two enzymes are found with most 
other substrates (Morton, 1955). 
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Fig. 2. Comparative activity/pH curves for purified 
alkaline phosphatases. The reaction mixture (5 ml.) in 
each case contained sodium f-glycerophosphate (0-02m), 
magnesium acetate (0-0lm) and ethanolamine—HCl 
buffer (0-04), with approx. 6 units of enzyme activity. 
The reaction period was 5 min. at 38°. The results are 
expressed as relative rates of hydrolysis, the maximal 
rate being assigned the value of 100. O—O, Intestinal 
phosphatase; @—@, milk phosphatase. 








The activity/pH curve for purified milk phosphatase is 
compared with curves for the partially purified phosphatases 
from milk, cow mammary gland and bovine kidney in Fig. 3. 
It is seen that the optimum pH values obtained for these 
different enzyme preparations are approx. the same 
(pH 9-65). 
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Fig. 3. Comparative activity/pH curves for partially 
purified alkaline phosphatase preparations, determined 
from hydrolysis of sodium £-glycerophosphate (0-02M) 
in either ethanolamine-HCl (0-04m) or veronal—HCl 
(0-04m) buffers, containing magnesium acetate (0-01™M). 
The final volume was 5 ml. in each case. Approx. 6 units 
of enzyme were used in each case, except that 8 units of 
partially purified milk enzyme were used. The reaction 
period was 5 min. at 38°. The results are expressed as for 
Fig. 2. @—@, Purified milk phosphatase; +---+, 
partially purified milk phosphatase (Morton, 19536, 
Table 5, stage 6); O---O, partially purified kidney 
phosphatase; @ - - - @, partially purified mammary gland 
phosphatase. 


The activation of alkaline phosphatases 
by metal cations 


A partially purified preparation of the milk enzyme, 
obtained as previously described (Morton, 19536, Table 5, 
stage 6) was used for the initial studies of the influence of 
added metal chlorides on the hydrolysis of sodium f- 
glycerophosphate (0-01 m) in veronal—HCl (0-02 m) buffer. The 
reaction was commenced by the addition of about 6 units of 
enzyme (in 0-2 ml.) to 4-8 ml. of the buffered substrate. The 
reaction period was 15 min. The results are shown in Fig. 4. 

It is seen that partially purified milk phosphatase 
resembles other impure alkaline phosphatases in the lack of 
specificity towards the metal activator. The maximal 
activity is obtained with magnesium chloride (10-*m). 
When the latter salt is included in the test system, the in- 
hibitory effects of high concentrations of calcium and zine 
salts are largely abolished. 

Further studies were carried out with purified enzymes 
which had been stored in the dried state for about 3 years. 
About 2 mg. enzyme was dissolved in 0-5 ml. glass-distilled 
water and dialysed in a small cellophan sac at about 2° for 
14hr. with continuous mechanical stirring. The stock 
enzyme solution was diluted in distilled water just prior to 
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Fig. 4. Influence of added metal chlorides on the hydrolysis 
of sodium glycerophosphate by partially purified milk 
phosphatase (Morton, 19536, Table 5, stage 6). The 
reaction mixture (5 ml.) contained the substrate (0-02m), 
veronal—HCl buffer (0-02m, pH 9-65), and about 5 units 
of enzyme. The reaction period was 15 min. at 38°. Metal 
chlorides were added to give the concentrations indicated. 
When included with other metal salts, the concentration 
of magnesium chloride was 10-m. Results are expressed 
as relative rates of hydrolysis, the rate with magnesium 
chloride (10-*m) being assigned the value of 100. A: O, 
calcium and magnesium; @, magnesium; @, calcium. 
B: O, zine; @, cobalt; @, cobalt and magnesium; +, 
zinc and magesium. 


use so that 0-1 ml. contained approx. 0-02 yg. intestinal 
enzyme or 0-08 yg. milk enzyme. The reaction was com- 
menced by the addition of this amount of enzyme (about 
0-1 unit) to 1-9 ml. of buffered substrate. The final reaction 
mixture (2 ml.) contained phenyl phosphate (0-0025m) and 
ethanolamine—HCl buffer (0-05m) either at pH 9-65 (in- 
testinal enzyme) or pH 9-9 (milk enzyme). Dilutions of 
metal salts were used to give a range of concentrations in- 
creasing from 10-1°m. Phenol liberated enzymically in 
15 min. was estimated by the addition of 0-5 ml. of phenol 
reagent (King, 1951) followed by 0-5 ml. of 15% Na,CO,. 
Colours were developed at 38° for 20 min. and read at 
750 myz., using 1 cm. cuvettes in a Beckman spectrophoto- 
meter. 
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At the very low concentration of protein used in these 
studies, some difficulty was experienced at first in obtaining 
consistent results, owing to physical denaturation of the 
enzyme. This denaturation was largely avoided by mixing 
the reactants with a rotary motion and avoiding shaking the 
test tube. In view of the nature of the experiments, the 
addition of inert protein or other protective agents was not 
considered desirable. 

A very low concentration of enzyme was used in these 
experiments so that the dissociation of any metal or other 
group remaining bound to the enzyme would be favoured. 
Moreover, it was desired to ascertain whether a large 
change in enzyme concentration would influence the con- 
centration of magnesium salt (ascertained as 10-*M in earlier 
studies) required for optimum activation. It should be 
noted that longer dialysis than that described was avoided 
since, especially at low protein concentrations, prolonged 
dialysis of the purified enzymes leads to irreversible loss of 
activity, probably due to protein denaturation. 

The results are shown in Figs. 5 and 6, for metal concentra- 
tions greater than 10-°M, results obtained at lower concen- 
trations being very similar to those at 10-°m. The possi- 
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Fig. 5. Influence of added metal chlorides on the hydrolysis 
of disodium phenyl phosphate by purified milk phos- 
phatase. The reaction mixture (2 ml.) contained the 
substrate (0-0025m), ethanolamine-HCl buffer (0-05m, 
pH 9-9) and approx. 0-1 unit of enzyme. The reaction 
period was 15 min. at 38°. All other details as for Fig. 4. 
O, Magnesium; @, zinc and magnesium; @, zinc; (1, 
beryllium; gl, beryllium and magnesium; x, calcium; 
+, calcium and magnesium; A, manganese; A, manga- 
nese and magnesium. 
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bility of the substrate or the buffer containing metal con- 
taminants at this order of concentration cannot be excluded. 
It is seen that, with both enzymes, maximum activity is 
obtained with magnesium chloride at approx. 10-?M, while 
there is only slight decline of activity at higher concentra- 
tion of metal. The behaviour of the purified milk enzyme 
therefore differs from that of the crude enzyme, which shows 
maximum activity at 10-*m magnesium chloride and 
decreased activity with higher concentrations of this salt 
(Fig. 4). Other differences in the behaviour of the crude and 
purified milk enzymes are also evident. The relative activa- 
tion by magnesium chloride is very much greater in the case 
of the purified enzyme. Although the effects of added 
calcium and zinc salts are qualitatively the same, maximum 
activity occurs at rather different metal concentrations (cf. 
Figs. 4 and 5). The relative activation by zinc or calcium 
chlorides is greater in the case of the crude enzyme. 
Comparison of Figs. 5 and 6 shows important differences 
in the behaviour of the purified milk and intestinal enzymes. 
In general, the relative activation by magnesium and 
manganese is very much greater in the case of the milk 
enzyme. While both enzymes are inhibited by beryllium 
and zinc salts at concentrations greater than 10-*m, the 
milk enzyme is more strongly inhibited by zinc, and the 
intestinal enzyme by beryllium. In the case of the milk 
enzyme, added magnesium chloride (10-*m) largely abolishes 
the inhibitory action of both beryllium and zine chlorides at 
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Fig. 6. Influence of added metal chlorides on the hydrolysis 
of disodium phenyl phosphate by purified intestinal 
phosphatase. Approx. 0-1 unit of enzyme was used in the 
2 ml. reaction mixture as described for Fig. 5. All other 
details as for Fig. 5. 
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10-5m and at lower concentrations. While the same con- 
centration of magnesium chloride overcomes the inhibitory 
influence of zinc chloride at 10-5m and lower concentrations 
on the intestinal enzyme, it fails to reverse the effect of 
beryllium chloride except at concentrations less than 10-®m. 


The effect of alanine and glycine on 
alkaline phosphatases 


Since it has been reported that partially purified in- 
testinal phosphatase from dog intestinal mucosa is markedly 
activated by alanine (Thoai, Roche & Roger, 1947), the 
influence of alanine and glycine on the purified enzyme of 
calf intestinal mucosa has been studied. 

Initially, tests were carried out under conditions closely 
resembling those used by Thoai et al. (1947). The enzyme 
was incubated for 1 hr. at 38° in Na,CO,-NaHCO, buffer 
(0-05m) with varying concentrations of alanine or glycine 
and with varying concentrations of magnesium acetate. At 
high concentrations of amino acids there was some shift of 
pH of the system during incubation, but this was always 
adjusted so that the pH during the activity test was 9-2, as 
used by Thoai et al. (1947). 

The results are shown in Table 3. It is seen that, both in 
the presence and absence of added magnesium acetate, 
activity increased with increasing concentration of alanine, 
up to 5 x 10-*m. Glycine caused only slight activation. 

It seemed possible that these results were dependent on 
the particular experimental conditions used, especially 
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Table 3. The influence of pre-incubation for 1 hr. 
with alanine and glycine on the activity of intestinal 
alkaline phosphatase 


Approx. 10 units of enzyme was pre-incubated for 1 hr, 
at 38° in 1 ml. of Na,CO,-NaHCO, buffer (0-05m) contain- 
ing magnesium acetate and varying concentrations of 
alanine or glycine as indicated. The pH during pre- 
incubation was 8-7 to 9-05. The reaction was commenced by 
the addition of 4 ml. of sodium £-glycerophosphate in a 
similar reaction mixture to that used for pre-incubation of 
the enzyme but at pH 9-2. The final substrate concentration 
in 5 ml. reaction mixture was 0-02m at pH 9-2. The reac- 
tion period was 5 min. at 38°. The results are expressed as 
relative rates of hydrolysis, the rate with alanine (10-*m) 
and magnesium acetate (10-*m) being designated as 100 


— Results with Results with 
alanine glycine 
Mg?+ (m) 10-* 102 10+ 10% 
Amino acid concentration (M) 
0 39-2 70-0 39-2 70-0 
10-4 43-3 72-5 46-5 — 
10-3 48-1 82-0 46:2 70-5 
5x10-3 65:8 95-3 as os 
10-2 79-5 100 55-6 79-6 
5x10-? 100 108 47-8 76-1 
10-1 —_ ~ 48-0 41-6 


Table 4. The effect of alanine, with short and long pre-incubation, on the activity 
of intestinal alkaline phosphatase 


Approx. 10 units of enzyme were pre-incubated at pH 9-0 and 38° in 1 ml. of buffer containing magnesium acetate 
(10-*m), with or without alanine as indicated. In treatment A, pre-incubation was 2 min. and, in treatment B, 1 hr. The 
reaction was commenced by addition of 4 ml. of substrate in a similar buffer to that used for pre-incubation of the enzyme, 
but adjusted so that the final reaction pH was as indicated. In the final reaction mixture (5 ml.) the concentration of 
sodium £-glycerophosphate was 0-02M, magnesium acetate 10-?M, alanine (where added) 10-*M, and buffer as shown. The 
reaction period was 5 min. at 38°. Results are expressed as in Table 3. 


Treatment A Treatment B 





co aes oe OF eS : ‘ 
pH of With Without With Without 
Buffer reaction alanine alanine alanine alanine 
Na,CO,—NaHC0O, (0-05m) 8-9 47-8 46-1 6-66 39-4 
Na,CO,-NaHCO, (0-05m) 9-5 134 99 114 104 
Veronal—HCl (0-04) 9-5 146 152 124 114 





Table 5. Partial reversal by amino acids of metal inhibition of purified intestinal alkaline phosphatase 


The enzymes were the same preparations as used for metal-activation studies (see text: ‘The activation of alkaline 
phosphatases by metal cations’). 0-1 ml., containing 0-08 unit of activity, was added to 1-9 ml. of buffered substrate so 
that the final concentrations of reactants were: ethanolamine-HCl buffer, 0-05m; phenyl phosphate, 0-0025m; metal 
chlorides, where added, 10-*; alanine, 10m; histidine, 5 x 10-4m. The final pH was 9-65 (intestinal enzyme) or 9°8 
(milk enzyme). The reaction period was 15 min. at 38°. Liberated phenol was estimated as described in the text. The 
results are expressed as relative rates of hydrolysis, the rate with magnesium chloride (10-?m) in the absence of inhibitor or 
amino acid being designated as 100 units. Int Be? 

Ana — 


SS > aE aa 
No Mg?+ With Mg?t No Mg*+ With Mg?+ No Mg*+ With Mg 


No inhibitor 


Amino acid 


is 2 2 13 

Results with intestinal ne oat = 4 > = ; 13 
pheeymatane Histidine 70 110 48 50 16 11 
se None 32 100 5 -10 10 25 

Rants aan ee Alanine 47 107 15 40 30 65 
hae Histidine 62 114 22 44 40 55 
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since the use of NagCO,-NaHCO, buffer is undesirable in 
that it depresses both the activity and the optimum pH for 
activity (p. 575). Comparison was therefore made of the 
effects of alanine, with and without pre-incubation with 
the enzyme, in Na,CO,-NaHCO, and veronal—HCl buffers. 
As shown by the results in Table 4, addition of alanine, 
either with or without prior incubation with the enzyme, 
gave no greater activity than that obtained in veronal—HCl 
buffer with addition of magnesium salt (10-*m). Table 4, 
however, confirms that alanine exerts some protective 
action during pre-incubation of the enzyme, especially in the 
presence of carbonate ions. 

Alanine caused no increase of activity beyond that ob- 
tained with magnesium acetate (10-?M) alone when purified 
milk phosphatase was tested with sodium f-glycerophos- 
phate at pH 9-65 using veronal—HCl buffer (0-07). 

It seemed likely that the inhibitory action of beryllium 
and zinc salts on both milk and intestinal phosphatases 
could be partly abolished by the addition of amino acids 
(or other metal-chelating agents). When alanine (10-*m) or 
histidine (5 x 10-*m) were included in the test system, 
together with magnesium chloride, the marked inhibitory 
effects of high concentrations (10-*m) of beryllium and zinc 
chlorides were somewhat reduced, as shown in Table 5. 


DISCUSSION 


Electrophoretic and other evidence which suggests 
that the purified alkaline phosphatase preparations 
used in these studies are free of detectable con- 
taminant proteins has been considered in earlier 
papers (Morton, 1953a, 1954a). Further evidence 
for the homogeneity of the enzyme from calf 
intestinal mucosa has recently been provided by the 
work of Schramm & Armbruster (1954). Using a 
procedure which combined the autolysis method of 


Albers & Albers (1935) with the butanol treatment, . 


of Morton (1950), followed by further fractionation 
with salts and organic solvents and electrophoretic 
separation, these workers isolated a very active 
fraction from calf intestinal mucosa. This material, 
of specific activity 46000 units/mg. N (57000 units/ 
mg. N following activation with alanine), was found 
by Schramm & Armbruster to behave as a single 
component both on electrophoresis and on sedi- 
mentation. It is clear, therefore, that the material 
used in the present studies, which has a specific 
activity of 83500 units/mg. N (Morton, 1950, 
1954a), must be regarded as essentially a single 
component. The markedly lower activity of the 
preparation of Schramm & Armbruster is possibly 
due to the undesirable exposure of the enzyme to 
autolysis during the purification procedure (see 
later). 
Chemical constitution of the enzymes 


The absorption spectra (Fig. 1) and the chemical 
analyses indicate that both enzymes are typical 
unconjugated proteins, substantially free of nucleo- 
tides or related compounds. Assuming molecular 
weights of about 60 000 (see later), the phosphorus 
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contents (less than 0-1 %) show that there would be 
less than two gram atoms of phosphorus per mole of 
enzyme. These analyses therefore exclude both 
choline pyrophosphate (Kutscher & Sieg, 1950) and 
a diphosphonucleoside of uracil (Lora-Tamayo & 
Municio, 1951; Lora-Tamayo & Alvarez, 1954), 
considered to be the ‘coenzymes’ of alkaline 
phosphatases from muscle and kidney respectively. 
Unlike the absorption spectrum presented by Lora- 
Tamayo & Alvarez (1954), that of the highly active 
preparation of kidney alkaline phosphatase ob- 
tained by the butanol procedure (Morton, 1954a) 
shows no evidence of an absorption peak at or near 
260 mu. (see Fig. 1). 

There is no direct evidence that the enzyme pre- 
parations are free of non-phosphorylated lipid 
material. However, in view of the successive use of 
organic solvents in the preparative procedures, and 
the high nitrogen contents it seems unlikely that 
either preparation contains any large amount of 
lipid. 

Schmidt & Thannhauser (1943) found that their 
partially purified preparations of alkaline phos- 
phatase from calf intestinal mucosa regularly con- 
tained about 22 % of polysaccharide (expressed as 
glucose). Other workers (Abul-Fadl & King,1949a; 
Roche & Bouchilloux, 1950) have described 
partially purified preparations of intestinal phos- 
phatase as free of carbohydrate, and Schramm & 
Armbruster (1954) found less than 5% of carbo- 
hydrate in their highly active preparation. The 
present work shows that the enzyme from milk, as 
well as that from intestinal mucosa, has a very low 
carbohydrate content. 

Schramm & Armbruster (1954) have reported 
that the molecular weight of intestinal phosphatase 
is 60000. This figure is probably a reliable estimate, 
even though the activity of the preparation is well 
below that used in the present studies. In the 
absence of evidence to the contrary, it is assumed 
that the milk enzyme has a molecular weight of the 
same order, that is, 60000. The estimates of 
Mathies & Goodman (1953) of molecular weights of 
5 x 10° and greater for kidney and intestinal phos- 
phatases were based on studies with impure pre- 
parations and cannot be accepted as true of the 
purified enzymes. 


Activation of alkaline phosphatases by metals 


It is now clearly established that many alkaline 
phosphatases, even when partially purified, are 
activated by a number of metal cations (see reviews 
by Folley & Kay, 1936a; Roche, 1945; Roche & 
Thoai, 1950; and Lehninger, 1950). The present 
investigations have extended previous studies. 

As shown in Fig. 4, crude milk phosphatase is 
activated by a number of metals, for each of which 
there is an ‘optimum’ concentration for maximal 
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enzymic activity. Comparison of these results 
with those obtained with the purified milk enzyme 
(Fig. 5) shows that the presence of impurities can 
markedly influence both the qualitative and 
quantitative effect of added metal salts. 

Comparison of Figs. 5 and 6 shows that the 
activity of the intestinal enzyme is relatively much 
greater in the absence of added metal salts than is 
the activity of the milk enzyme. Both preparations 
were highly purified, dialysed against glass-distilled 
water, and generally treated in an identical manner. 
The difference may be due to stronger binding of an 
activating metal by the intestinal enzyme and this 
may be related to the much higher activity of the 
intestinal enzyme (83500 units/mg. N) as compared 
with that from milk (15300 units/mg. N). However, 
in spite of this difference in the ‘control’ levels, both 
enzymes show maximal activity with the same 
concentration (about 10-?m) of added magnesium 
salt. This concentration of magnesium salt appears 
to be partly independent of the enzyme concentra- 
tion, since earlier studies (Morton, 1952), using 
twenty times the concentration of purified enzyme 
as that used for Fig. 5, had given a similar result. 
The molar concentration of metal salts giving 
maximal effects (Figs. 5 and 6) are of the order of 
10’ to 10® the molar concentration of enzyme, and 
there is little influence of added metals at the same 
concentration as the enzyme, i.e. about 2 x 10-1m. 

The results suggest that, as in the case of pyro- 
phosphatases (Bauer, 1937) and peptidases (Smith, 
Davis, Adams & Spackman, 1954), metal is neces- 
sary for the formation of active phosphatase— 
substrate complexes. 

The inhibition of crude and partially purified 
alkaline phosphatase by beryllium salts has been 


extensively investigated (DuBois, Cochran & 
Mazur, 1949; Grier, Hood & Hoagland, 1949; 
Klemperer, Miller & Hill, 1949; Schubert & 


Lindenbaum, 1954), particularly since this inhibi- 
tion may be related to the pathological condition 
resulting from contact with beryllium salts (Linden- 
baum, White & Schubert, 1954). It is noteworthy, 
however, that zinc salts, which are relatively non- 
toxic when applied externally, also strongly inhibit 
purified milk and intestinal phosphatases (Figs. 5 
and 6) as well as partially-purified enzymes (Sanadi, 
1952). It seems unlikely that beryllium inhibition is 
merely due to interaction of precipitated beryllium 
hydroxide and the enzyme (Veerkamp & Smits, 
1953). In the experiments described in Figs. 5 and 6, 
the copious precipitates of magnesium and manga- 
nese hydroxides which occurred at the highest 
concentrations of these metals did not cause much 
inhibition. The results obtained by Veerkamp & 
Smits (1953) may be due to the use of crude enzyme 
preparations, which are very readily adsorbed on to 
a variety of materials (Morton, 19536, 1954a). 
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Amino acid activation and the so-called ‘coenzyme’ 
of alkaline phosphatase 


There have been numerous claims for identifica- 
tion of organic coenzymes of alkaline phosphatases. 
Such a component was claimed to explain reversible 
loss of activity induced by dialysis at low pH as 
observed by Albers (1936) using partially purified 
preparations of kidney phosphatase. Using impure 
preparations from a variety of sources, different 
workers have claimed to identify the ‘coenzyme’ as 
organic material, possibly nitrogenous (Abul-Fadl & 
King, 19496), alanine (Thoai e¢ al. 1947), histidine 
(Akamatsu & Kobayashi, 1952) or a _ histidyl 
peptide (Akamatsu & Aso, 1953), a peptide (Ek, 
Euler & Hahn, 1949), choline pyrophosphate 
(Kutscher & Sieg, 1950), a diphosphonucleoside 
(Lora-Tamayo & Municio, 1951) and uridylic acid 
(Lora-Tamayo & Alvarez, 1954). 

As pointed out earlier, the chemical analyses show 
that neither choline pyrophosphate nor any nucleo- 
tide are present in either purified phosphatase. The 
claims for amino acids or peptides as coenzymes 
require separate consideration. 

Thoai et al. (1947) found that a partially purified 
preparation of alkaline phosphatase from dog 
intestinal mucosa lost most of its activity on pro- 
longed dialysis against distilled water. After pre- 
incubation of the dialysed enzyme with magnesium 
chloride and alanine, the activity was restored to a 
level appreciably higher than before dialysis. Roche 
& Bouchilloux (1950, 1953) therefore regularly 
employ pre-incubation with magnesium chloride 
and alanine in determining phosphatase activity. 

The results in Table 4 show that alanine causes no 
activation of freshly prepared intestinal alkaline 
phosphatase when activity is determined in 
veronal—HC] buffer at near-optimum pH conditions 
in the presence of magnesium salt. However, 
alanine undoubtedly exerts some protective action 
under certain conditions of treatment of the enzyme 
and is especially effective in reducing the inhibitory 
effect of carbonate anions (Tables 3 and 4). The slight 
activation by alanine observed by Schramm & 
Armbruster (1954) may be due to the use of sodium 
bicarbonate in the buffer used in determination of 
activity. In the absence of magnesium salt, activa- 
tion by alanine may be quite considerable (Tables 3 
and 4) especially with enzyme stored for long 
periods (Table 5; cf. Gomori, 1952). However 
magnesium salts alone cause much greater activa- 
tion (Table 5) and the possibility that activating 
metals are introduced with the amino acids has not 
been excluded. This seems the more likely, since the 
milk enzyme, which responds to low concentrations 
of metal more than does the intestinal enzyme 
(Figs. 5 and 6), also shows greater activation by 
added amino acids (Table 5). 
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The partial reversal of metal inhibition of phos- 
phatases (Table 5) by added alanine and histidine 
(Table 5) suggests that, in certain circumstances, 
activation by amino acids may be due to removal 
of metal inhibitors. As distinct from Thoai et al. 
(1947), Abul-Fadl & King (19496) and Akamatsu & 
Kobayashi (1952) observed greater activation of 
dialysed crude and partially purified alkaline phos- 
phatase preparations by histidine rather than 
alanine. Table 5 shows histidine to be more effective 
than alanine with the inhibited enzymes. 

The variety of different compounds claimed to be 
the ‘coenzymes’ of alkaline phosphatases strongly 
suggests that the re-activation of dialysed prepara- 
tions is not specific, and thus no true organic co- 
enzyme exists. The chemical analyses, maximal 
activation by magnesium salt only (Table 4), the 
‘protective’ action of certain amino acids (Tables 3 
and 4), and the activation of inhibited enzyme 
(Table 5) all support this view. From the established 
metal dependency of alkaline phosphatases (Figs. 
5 and 6) and the ability to form stable complexes 
with inhibitory metals and certain organic acids 
(Schubert & Lindenbaum, 1954), it is evident that 
the products liberated by autolysis or proteolysis of 
tissues would greatly modify the behaviour of these 
enzymes. It is not unexpected, therefore, that 
different results have been reported by various 
workers, according to the experimental procedures 
and the purity of the enzyme preparations used. The 
results and conclusions given in this paper are based 
on enzymes purified without use of proteolysis. 


Alkaline phosphatases of different origin 


In this investigation, results were obtained with 
purified bovine enzymes isolated from cow’s milk 
and calf intestinal mucosa. These enzymes resemble 
each other showing a similar substrate specificity 
(Morton, 1952, 1955), activation by metal cations 
(Figs. 5 and 6) and phosphotransferase activity 
(Morton, 1953c). However, the intestinal enzyme is 
about 5 times as active as the milk enzyme, the 
respective specific activities being 83500 units/mg. 
N (Morton, 1954a) and 15300 units/mg. N (Morton, 
1953a). Moreover, the enzymes show differences in 
optimum pH values for hydrolysis of different sub- 
strates (Fig. 2), in the type of response to added 
metal salts (Figs. 5 and 6) and in the K,, values with 
the one substrate at selected pH values (Morton, 
1952). Clearly the enzymes are quite different. Moog 
(1946) has discussed previous evidence for the 
existence of different alkaline phosphatases and has 
rejected these claims, rightly pointing out that ‘the 
uncertainty as to the components of phosphatase 
extracts necessitates that claims of differences 
must, to be acceptable, be based on thoroughly 
purified preparations’. This requirement has now 
been met for the first time. 
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SUMMARY 


1. The properties of purified alkaline phos- 
phatases from cow’s milk and calf intestinal mucosa 
have been studied. Chemical analyses show that 
both enzymes are colourless unconjugated proteins. 
Both are substantially free of organic phosphorus, 
and of nucleotides or related compounds. They may 
contain small amounts of carbohydrate. The tyro- 
sine and tryptophan contents are very similar. The 
two enzymes differ in their activity/pH relation- 
ships. 

2. The influence of magnesium, manganese, 
calcium, zine and beryllium on the activities of the 
two enzymes has been investigated, using both 
crude and purified enzyme preparations. Maximum 
activity of the purified enzymes is obtained with 
magnesium chloride (10-?m). Beryllium and zine 
salts both cause considerable inhibitions. 

3. Pre-incubation of the purified enzymes with 
alanine and magnesium causes no greater activity 
than that obtained using magnesium acetate alone 
without any pre-incubation. Alanine protects the 
enzyme under certain treatments. The effects 
observed with alanine and other amino acids is 
discussed in relation to the experimental procedures 
used by various workers. 

4. No evidence has been obtained to support 
numerous claims for the existence of dissociable 
organic ‘coenzymes’ of alkaline phosphatases. 

5. Evidence is presented to show that the milk 
and intestinal enzymes are distinctly different, 
although having similar specificities. 


I wish to thank Dr M. Dixon, F.R.S., for his encouraging 
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Minor Constituents of Quebracho Tannin Extract 


By K. 8. KIRBY anp T. WHITE 
The Forestal Central Laboratory, Harpenden, Herts 


(Received 10 August 1954) 


Previous papers in this series (White, 1949; Kirby, 
Knowles & White, 1951; White, Kirby & Knowles, 
1952) have shown that each so-called ‘vegetable 
tannin’ is a complex mixture of many substances— 
far more so than has been generally realized. The 
two most important tannin extracts, ‘Mimosa’ or 
‘Wattle’ extract from the bark of Acacia mollissima 
and ‘Quebracho’ extract from the heartwood of 
Schinopsis Lorentzii Engl., were selected for 


detailed study of this complexity. Two-dimensional 
paper chromatography enabled characterization of 
the numerous substances of unknown nature 
present in each extract and provided, for the first 


time, a method of assessing the efficiency of fraction- 
ation procedures applied to them. Using this 
approach each extract was split into fractions by 
solvent extraction or by countercurrent distribu- 
tion between water and organic solvents (Kirby, 
Knowles & White, 1952, 1953). The components 
present in any fraction and the degree of component 
overlapping from one fraction to the next were 
determined by two-way paper chromatography, the 
presence of the components being detected by their 
fluorescence in ultraviolet light or by reaction with 
appropriate spray reagents. In the specific case of 
Quebracho tannin extract the material could be 
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separated readily into six fractions (Qi11, Q112 G21, 
Qis0, Qe1, Qo2) and the further investigation of 
fraction Q,,, forms part of this communication. 

A particular feature of Quebracho tannin extract 
is its content of brilliant yellow-fluorescing material. 
This was formerly ascribed to the presence of fisetin, 
and it was suggested that Quebracho tannin extract 
was composed largely of a tannin formed by con- 
densation of a hypothetical ‘quebracho-catechin’ 
related structurally to fisetin in a manner similar to 
the catechin—quercetin relationship (Freudenberg & 
Maitland, 1934). Earlier in this series it was shown 
that in fact a number of yellow-fluorescing sub- 
stances, all presumably flavonoid, were present in 
Quebracho extract and that the tanning capacity of 
the extract is due not to one but to many poly- 
hydric phenols. The nature of these polyphenolic 
tannins is under investigation and the greater pro- 
portion of them seem to have molecular weights of 
the order of 800-1000 (Kirby & White, 1954). The 
yellow-fluorescing substances are simpler, and it 
was considered advisable to concentrate initially on 
determining the nature of these, and any other low 
molecular weight minor components of the extract, in 
view of the possibility that this might indicate the 
type and range of structures likely to be present in 
the more complicated polyhydric phenols which 
form the actual tannins. The yellow-fluorescing 
components are most highly concentrated in 
fraction Q,,, but are present to some extent in all six 
main fractions since the scheme of fractionation was 
designed to separate the tannins present rather than 
the minor substances. This present communication 
therefore has to consider substances in relation to 
the extract as a whole as well as those present in the 
particular fraction Q). 


EXPERIMENTAL 


General. All evaporations were carried out under reduced 
pressure unless otherwise stated. Melting points are un- 
corrected. C and H and —C.CH, determinations are all by 
Messrs Weiler and Strauss, Oxford. 
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Fluorescent spots on chromatograms were detected by 
using a Hanovia Hg are with a Wood’s glass filter. 


Hydrolysis of whole Quebracho extract 


Quebracho extract (700 g.) was mixed with ethanol (2 1.) 
and 10% (w/v) HCl (2 1.), allowed to stand overnight and 
then refluxed on a water bath for 8 hr. Next day, about 1 1. 
of ethanol was distilled off, water (750 ml.) added and the 
mixture extracted 10 times by shaking with an ether-ethyl 
acetate (9:1, by vol.) mixture (1 1. each time). The extract 
was dehydrated with Na,SO, and taken to dryness to yield 
24 g. of a dark brown resin. This was dissolved in ethyl 
acetate (150 ml.), ether (200 ml.) added and a black tar 
filtered off. The insoluble matter was washed with ethyl 
acetate—ether (1:2, by vol.) and ether (150 ml.) added to the 
filtrate. The dark precipitate which formed was again 
filtered off and washed with ethyl acetate-ether (4:9, by 
vol.). The filtrate was then extracted as follows to give four 
fractions: 1,10 x 100ml. of 5% (w/v) NaHCO, ; 2, 6 x 100ml. 
of 4% (w/v) Na,B,0, ; 3, 4 x 100 ml. of 4% (w/v) Na,B,0, ; 
4, unextracted residue. 

Fraction 1. The NaHCO, extract was immediately acidi- 
fied to Congo Red paper and extracted thoroughly with 
ether. This extract was dehydrated with Na,SO, and taken to 
dryness to give fraction la, while the aqueous layer was 
thoroughly extracted with ethyl acetate, the extract de- 
hydrated with Na,SO, and taken to dryness to give 
fraction 1b. 

Fraction 1 a was dissolved in 5 ml. acetic acid and poured 
on to a column of cellulose powder (Whatman’s Ashless) 
prepared in 5% (w/v) aqueous acetic acid. The column was 
developed with this solvent and each sub-fraction collected 
was chromatographed on Whatman no. 2 paper with 
6-7 % (w/v) aqueous acetic acid as solvent. The papers were 
sprayed with bis-diazotized benzidine, which showed up the 
presence of three substances of Ry, values 0-66, 0-57 and 
0-43. 

Sub-fraction 1a (1) was taken to dryness, yielding 0-24 g. 
of material containing primarily the substance of R, 0-66. 
As yet it remains unidentified. 

Sub-fractions la (2-5) were bulked and concentrated, 
whereupon 0-63 g. of pure gallic acid crystallized out, 
representing the substance of R, 0-43. The remaining sub- 
stance of R, 0-57 was identical with the ethyl gallate 
of fraction 26 which is mentioned later. Fraction 16 was 
chromatographed similarly with 5% (w/v) aqueous acetic 
acid on a cellulose powder column but only gallic acid was 


Table 1. Chromatographic separation of fraction 1a on cellulose powder 


The Ry values were determined on Whatman no. 2 paper using 6-7 % (w/v) acetic acid as solvent. Figures in brackets 


denote that a faint spot was detected. 


Eluting solvent 


Sub-fraction (%; w/v) 


la/l 5 Acetic acid 
la/2 5 Acetic acid 
la/3 5 Acetic acid 
la/4 5 Acetic acid 
la/5 5 Acetic acid 
la/6 5 Acetic acid 
la/7 5 Acetic acid 
la/8 20 Acetic acid 
la/9 20 Acetic acid 


1a/10 Methanol 


Volume of 

eluent 

(ml.) Rp 

25 0-66 (0-57) (0-43) 
25 0-66 0-57 0-43 
25 0-66 0-57 0-43 
50 0-66 (0-57) 0-43 
50 (0-66) (0-57) (0-43) 
50 — “= — 
50 — — — 
100 0-05 — —- 
100 0-05 — = 
100 — — — 
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present, 0-27 g. being recovered in crystalline form on con- 
centrating the eluates. 

Fraction 2. This was acidified with 10% (w/v) HCl and 
ethyl acetate added (200 ml.). This threw down 0-58 g. of 
a yellow precipitate forming fraction 2c and identified as 
fisetin. After crystallizing from isopropanol only a single 
fluorescent spot in the position of fisetin was observed on 
two-way paper chromatography using tert.-butanol-acetic 
acid—water (14:25:61, by vol.) as the first-way solvent, and 
sec.-butanol-acetic acid—water (70:5:25, by vol.) as the 
second-way solvent. The substance also had the character- 
istic ultraviolet spectra of fisetin both in ethanol and in 
aqueous alkaline solution. 

Ultraviolet absorption spectra of fisetin 
and fraction 2c 


Table 2. 


Synthetic fisetin Fraction 2c 


AW AX 
c 





c \ 
Solvent ee log E i a Ras log E i an. 
Ethanol 254 2-76 252 2-70 
316 2-62 318 2-66 
365 2-94 365 2-97 
0-013N-NaOH 250 2-70 250 2-72 
3-00 


342 3-03 340 


The ethyl acetate was separated off and the aqueous layer 
further extracted with ethyl acetate until nothing more was 
being removed. The combined ethyl acetate extracts were 
dehydrated with Na,SO,, concentrated to 100ml. and 
poured into 11. light petroleum (60-80°). The precipitate 
forming fraction 2a was filtered off, washed with light 
petroleum (60-80°) dried and weighed (7-5 g.). It was 
chromatographed two-dimensionally on Whatman no. 2 
paper in the same way as fraction 2c and was found to 
contain three yellow-fluorescing components 3:7:4’-tri- 
hydroxyflavone, 3:7:3’:4’-tetrahydroxyflavone (fisetin), and 
3:7:3’:4’:5’-pentahydroxyflavone (robinetin), together with 
a number of non-fluorescent polyphenolic substances 
which remain unidentified but which can be separated by 
chromatography on powdered silica. The identity of the 
three flavones was established by the fact that they had the 
same R, values as synthetic specimens when chromato- 
graphed two-dimensionally on paper using 10% (w/v) 
acetic acid followed by n-butanol-acetic acid—water 
(4:5:1, by vol.) as one solvent-pair and ¢ert.-butanol—- 
acetic acid-water (14:25:61, by vol.), followed by sec.- 
butanol-acetic acid—water (70:5:25, by vol.) as an alter- 
native solvent pair. Further evidence for the identity of 
the trihydroxyflavone came from chromatographing with 
water-saturated n-butanol on paper buffered with 0-1m 
borate and 0-1mM-Na,HPO, and on unbuffered papers 
(Swain, 1953). Since the R, values were identical on all 
three papers, the substance clearly cannot have two 
hydroxyl groups situated on adjacent carbon atoms. 

Fraction 2b weighed 1-0 g. and was obtained by taking 
the filtrate from the precipitates of 2a to dryness. It was 
observed by paper chromatography to contain a substance 
reacting yellow with bis-diazotized benzidine together with 
a smaller amount of a substance which stained purple with 
the same reagent. The fraction was dissolved in 5% (w/v) 
aqueous acetic acid and chromatographed on a column of 
Whatman’s ‘Ashless Cellulose Powder’ (1 cm. x 15 cm.). 
It was eluted with 5% (w/v) aqueous acetic acid and col- 
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lected in 10 ml. fractions tested with bis-diazotized benzi- 
dine. The yellow-reacting substance present was eluted in 
40 ml. of solvent which was taken to dryness. The product 
was dissolved in a little ethyl ether, and crystallized after 
filtration by adding light petroleum (40-60°). It was re- 
crystallized from 50 ml. of toluene and separated as colour- 
less needles, yield 0-1 g. It had m.p. 157-8° and gave a 
crystalline acetate m.p. 136-7° when acetylated with 
pyridine and acetic anhydride. It was identified as ethyl 
gallate, m.p. 157—-8°, and no depression was observed in 
mixed melts of the original substance with ethyl gallate or 
of the acetate with triacetyl ethyl gallate, m.p. 136-7°. 
Both ethyl gallate and the isolated material travelled to the 
same position on two-way chromatography on Whatman 
no. 2 paper with 6% acetic acid followed by sec.-butanol- 
acetic acid—water (14:1:5). The two substances had identical 
u.v. absorption spectra in alcohol and in 5 % aqueous NaOH 
solution, the alkali shift being a general lowering of ab- 
sorption instead of the combined shift and increase of the 
maximum normally given by phenols. The substance is an 
artifact, owing to the use of 50% ethanol ‘during the 
hydrolysis of the tannin extract, but the occurrence of 
more than 10% of the liberated gallic acid in this form 
under these conditions of hydrolysis is surprising (Found: 
C, 56-4; H, 5-0; O.CH,.CH;, 24-6. C,H,,0; requires C, 
54:5; H, 5-0; O.CH,.CH,, 22-7%.) 

Fraction 3. This remains to be investigated. 

Fraction 4. The final organic layer was dehydrated with 
Na,SO,, filtered, and taken to dryness, 15 ml. of ether being 
added to the residue. A dark brown solid separated over- 
night and was filtered off (35 mg.), dissolved in isopropanol, 
treated with charcoal, filtered and then concentrated to 
6ml. Pale yellow needles separated (27 mg.) and were 
recrystallized from isopropanol. This 4’-methoxyfisetin had 
m.p. 288° (decomp.). (Found: OMe, 9-35. C,,H,.0, requires 
OMe, 10-3%.) It showed only one fluorescent spot when 
chromatographed two-dimensionally on paper as for sub- 
fraction 2a. Similar chromatography after demethylation 
with HI showed the presence of fisetin as well as traces of the 
original substance. 


Synthesis of 4’-methoxyfisetin 


(a) Benzoyl isovanillic acid. Benzoyl isovanillin (75 g.) 
was dissolved in acetic acid (1 1.) and CrO, (20 g.) in water 
(15 ml.) and acetic acid (250 ml.) added gradually with 
cooling to maintain a temperature of 20°. Some crystals 
separated at the end of the addition and the mixture was 
kept in a refrigerator overnight before filtering off the white 
needles. They were washed with acetic acid, then water, 
dried, and boiled with benzene to remove unchanged 
aldehyde. The acid was then recrystallized from isopropanol 
and had m.p. 178°. 

(b) Benzoyl isovanillic anhydride. Benzoyl isovanillic acid 
(25 g.) was mixed with SOCI, (25 ml.) and a few drops of 
pyridine and refluxed 1 hr. After the distilling off of excess 
SOCI, the residue crystallized. It was dissolved in benzene, 
taken to dryness, then recrystallized from benzene. Benzoyl 
isovanillic acid (16 g.) was mixed with this acid chloride 
(17 g.) in ether (250 ml.) and pyridine (50 ml.) added. The 
mixture was kept overnight in the refrigerator and after the 
addition of ice the precipitate was filtered off, washed with 
water, 10% (w/v) HCl, 10% (w/v) Na,CO, and again with 
water (all at 0°) and dried in vacuo over P,O,. The anhydride 
crystallized from benzene with m.p. 130°. 
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(c)  4’-Methoxyfisetin. w-Benzoyloxyresacetophenone 
(2-1 g.), benzoyl isovanillic anhydride (16-8 g.) and tri- 
ethylamine (5-35 ml.) were heated together for 2 hr. at 
155-160° and then 2 hr. at 160-170°. The product was 
boiled with ethanol (150 ml.) in which it was not completely 
soluble, and then KOH (20 g.) in water (30 ml.) was added 
and the mixture boiled for 1 hr. The ethanol was removed 
under reduced pressure, water added (100 ml.) and the 
solution decanted off from a dark resin. On saturating the 
solution with CO, the flavone separated. It was filtered off, 
boiled with ethanol (250 ml.) and the extract filtered and 
concentrated to 30-40 ml., when a brown precipitate formed 
and was filtered off. The filtrate was concentrated to 15 ml., 
and on cooling 4’-methoxyfisetin crystallized as pale yellow 
needles. It was recrystallized twice from isopropanol and 
had m.p. 288° (decomp.). (Found: C, 63-8; H, 3-8. C,,H,,0, 
requires C, 64-0; H, 4-:0%.) This product had the same 
chrome-yellow fluorescence and Ry value on two-way 
paper chromatography as the substance from fraction 4 of 
hydrolysed Quebracho extract, and the natural and 
synthetic compounds had identical ultraviolet spectra in 
ethanol. 

Synthesis of 3:7:4'-trihydroxyflavone. 3:7:4’-Trihydroxy- 
flavone was synthesized from w-methoxyresacetophenone, 
anisic anhydride and potassium anisate by the general 
method of flavone synthesis of Allan & Robinson (1924). 

Synthesis of 3:7:3':4':5’-pentahydroxyflavone (robinetin). 
Robinetin was synthesized by the method of Charlesworth & 
Robinson (1933) by condensing w-methoxyresacetophenone 
with trimethyl gallic anhydride and sodium trimethyl 
gallate, followed by hydrolysis and demethylation. 


Hydrolysis of Quebracho extract fractions 


Each fraction (Q,11, Q112>Q121 >Q122 > Goi» G22) Was dissolved 
(0-1 g.) in 2-methoxyethanol (0-5 ml.) and 10% (w/v) HCl 
(0-5 ml.) and heated in a sealed tube on a boiling-water 
bath for 3 hr. The resultant solutions were all dark red and 
were each spotted directly on to Whatman no. 2 paper for 
two-way paper chromatography. The first-way solvent was 
tert.-butanol—acetic acid—water (14:25:61, by vol.) and the 
second-way solvent sec.-butanol-acetic acid—water (70:5: 25, 
by vol.). The only yellow fluorescent spots found after these 
hydrolyses were 3:7:4’-trihydroxyflavone, 4’-methoxy- 
fisetin, fisetin and robinetin, the latter in Q,,,, Q2, and Qo. 
only, 

The papers were also sprayed with aniline hydrogen 
phthalate to detect sugars, dried, and then dipped in ferric 
chloride—potassium ferricyanide reagent to detect phenolic 
substances. Gallic acid and glucose were observed in all six 
cases, although the former was absent from Q,,2, Q:2;, and 
Qi22 before hydrolysis, while glucose has not been observed 
in Q,.2 and Q,. before hydrolysis. Fisetin appeared in Q,,., 
Qie1> Qi22 and Q.. from which fractions it was practically 
absent before hydrolysis, and so did 3:7:4’-trihydroxy- 
flavone and 4’-methoxyfisetin. The hydrolysis produced 
robinetin in Q.., where it was previously absent. 


Separation of Quebracho extract sugars from Quy; 


Kirby & White (1954) described the further sub-fractiona- 
tion of the main Quebracho extract fraction Q,,, by counter- 
current distribution between ethyl methyl ketone and 
water. A sample (0-45 g.) of the material isolated from the 
final tube of this distribution (i.e. the water-soluble end), 
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was dissolved in water (1 ml.) and placed on a column of 
Whatman’s ‘Ashless Cellulose Powder’ (1-5 in. x 17 in.) 
which had been well washed with water-saturated n-butanol 
containing a trace of ammonia. The same solvent was used 
for elution, 15 ml. fractions being collected. Each fraction 
was examined by single way chromatography on Whatman 
no. 1 paper, all three of the solvent systems n-butanol— 
ethanol—water (40:11:19, by vol.), water-saturated phenol; 
and tert.-butanol-ethyl methyl ketone—water (20:60:15, by 
vol.) being separately used. The sugars were detected using 
aniline hydrogen phthalate as the spray reagent. 

Separation of riboseand fucose. The combined fractions 15- 
25 were taken to dryness, dissolved in the minimum of water 
and placed on acolumn of cellulose powder (2-5 cm. x 30 cm.) 
that had been well washed with water-saturated ethyl 
methyl ketone. The same solvent was used for elution, 5 ml. 
fractions being collected. 


Table 3. Chromatographic separation of sugars of 
fraction Q,;; by elution from cellulose powder with 
water-saturated n-butanol containing ammonia 


Sub- 
fraction Yield [«]p 
no. Sugar present (g-) (°) 
1- 5 Hydroxymethylfurfural 0-02 — 
6-14 Rhamnose 0-08 +13-7 
15-17 Rhamnose, ribose 0-009 — 
18-20 Ribose, fucose 0-015 — 
21-25 Ribose, fucose, xylose 0-024 = 
26-30 Xylose 0-030 + 9-6 
31-32 Xylose, arabinose 0-014 a 
33-49 Arabinose 0-102 +74 
50-57 Arabinose, glucose 0-043 = 
58-67 Glucose, galactose (faint) | 0-037 ic 
68-84 Glucose, galactose j 


Table 4. Chromatographic separation of ribose and 
fucose by elution from cellulose powder with water- 
saturated ethyl methyl ketone 


Conditions as in text. 


Yield [e]p 
Fraction no. Sugar present (mg.) (°) 
51-— 63 Rhamnose — — 
64- 91 Ribose 5 — 
92-— 99 Ribose + fucose — — 
100-146 Fucose 27 — 40-7 
147- — — 


Xylose 


Table 5. Chromatographic separation of sugars of 
fraction Q,, by elution from cellulose powder with 
water—ethyl methyl ketone—tert.-butanol (15:60:25, 
by vol.) 


Fraction no. Sugars present 


9-10 Rhamnose, hydroxymethylfurfural 
11-12 Rhamnose 
13-15 Rhamnose, ribose, fucose 
16-17 Ribose, fucose, xylose 
18-22 Ribose, xylose, arabinose 
23-29 Xylose, arabinose 
30-31 Arabinose 
32-37 Arabinose, glucose 
38-59 Glucose 
60- Galactose (600 ml. collected) 
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Separation of glucose and galactose. The separation detailed 
in Table 3 was repeated using water-ethyl methyl ketone- 
tert.-butanol (15:60:25, by vol.) mixture as the eluting 
solvent instead of water-saturated n-butanol containing 
ammonia. Successive fractions (25 ml.) were examined as 
before, glucose and galactose being separated by this 
solvent. 

Although the fractions on which the optical rotations 
were determined were not completely pure the indications 
are that L-rhamnose (+10°), D-xylose (+ 19°), L-arabinose 
(+74°) and t-fucose (—76-4°) are present in Quebracho 
extract. 

p-Toluenesulphonhydrazones of glucose, rhamnose, xylose, 
arabinose, fucose, and ribose. The derivatives of the above 
isolated sugars were made as described by Easterly, Hough & 
Jones (1951) except that a little ether was added to induce 
crystallization of the rhamnose and xylose derivatives, and 
a little water to affect solution of the glucose. The hydra- 
zones had the following m.p.’s: glucose, 179°; ribose, 164°; 
fucose, 169°; arabinose, 153°; xylose, 149°. Authentic 
derivatives for comparison were made in the same way except 
that glucose (1 g.) was dissolved in 1 ml. water and the 
p-toluenesulphonhydrazine (2-5 g. in 9 ml. ethanol) added 
to the solution. The derivative crystallized quickly. No 
crystalline derivative was obtained from the galactose 
fractions. Rhamnose p-toluenesulphonhydrazone has ap- 
parently not been described previously. It has m.p. 137° 
(decomp.). 


Isolation of anthraquinone from Q51; 


A sample of Quebracho fraction Q,,, (15 g.) was dissolved 
in acetone (15 ml.) and ether (45 ml.) added. The solution 
was poured on to a column of chromatographic silica gel 
(200 g.: L. Light and Co., 100-200 mesh) suspended in 
acetone-ethyl ether (1:9, by vol.). The column was eluted 
exhaustively with the same solvent (1:9) and the eluate con- 
centrated under reduced pressure. During concentration 
28 mg. of crystalline material separated out. This was 
filtered off, dried, sublimed twice (180-220°/0-1 mm.) 
to give 18-2mg. pale yellow needles, m.p. 272-274°. 
These were recrystallized from ethanol and still had 
m.p. 272-274°. 

The product gave a positive oxanthrol test and no de- 
pression was observed in a mixed melting point determina- 
tion with authentic anthraquinone. (Found: C, 80-1; H, 
4-2. Calc. for C,,H,O, : C, 80-7; H, 3-9%.) 

A portion of the material (10 mg.) was reductively 
acetylated with acetic anhydride, sodium acetate and Zn 
dust and the product crystallized from benzene had m.p. 
260°, undepressed by admixture with an authentic specimen 
of dihydroanthraquinone diacetate. Both specimens had 
an unusually intense blue fluorescence in solution in organic 
solvents. A similar fluorescence can be produced by re- 
ductive acetylation of whole Quebracho extract. Further 
attempts to isolate anthraquinone from Q,,, have been un- 
successful but the characteristic blue fluorescence of the 
diacetate is readily demonstrable by reductive acetylation of 
the fraction. Chromatography on paper with n-butanol- 
acetic acid—water (4:1:5, by vol.) followed by spraying with 
20% (w/v) aqueous NaOH solution saturated with sodium 
dithionite gave a rapidly fading pink spot at R, 0-95 in the 
position characteristic of authentic anthraquinone speci- 
mens. 


RESULTS 


Inter-relationship of fluorescent components 


A reasonable knowledge of the nature and inter- 
relationships of the yellow-fluorescing components 
in Quebracho extract has now been obtained by 
hydrolysing the extract and its fractions with 








Fig. 1. Two-dimensional paper chromatogram of yellow- 
fluorescing components of Quebracho tannin extract. 
Direction 1: tert.-butanol-acetic acid—water (14:25:61, 
by vol.). Direction 2: sec.-butanol-acetic acid—water 
(70:5:25, by vol.). 


hydrochloric acid. Two-dimensional paper chro- 
matography of the extract and its fractions before 
and after hydrolysis, using the solvents given in 
the Experimental section, demonstrates that the 
extract contains at least sixteen yellow fluorescent 
components. Their position on the reference 
chromatogram is shown in Fig. 1. Hydrolysis with 
acid causes all but four of these fluorescent spots to 
disappear and a list of the fluorescent substances 
present in the extract and its fractions both before 
and after hydrolysis is given in Table 6. Simul- 
taneously with the disappearance of fluorescent 
spots 5-16, the intensity of fluorescence of spots 1-4 
increases, or these substances appear after hydro- 
lysis in fractions where they were previously 
absent. Similarly, glucose and gallic acid appear for 
the first time or increase in amount as a result of 
hydrolysis. These facts are demonstrated by first 
examining the chromatograms under ultraviolet 
light to detect the fluorescent spots—then spraying 
the papers with aniline hydrogen phthalate to 
locate carbohydrates, and finally dipping the papers 
in ferric chloride—-ferri¢yanide reagent to detect 
phenolic substances (White et al. 1952). 
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Themanner in which the fluorescent spots 1, 2, 3, 4, 
glucose and gallic acid appear after hydrolysis in 
Quebracho extract fractions from which they were 
previously absent is clear from Table 6. It is 
difficult to avoid the conclusion that spots 1, 2, 3 
and 4 are the primary flavonoid fluorescent com- 
ponents of Quebracho extract and that substances 
5-16 are derived from them by combination with 
sugars, gallic acid and possibly other undetected 
substances which are released on acid hydrolysis. 
This would be in accord with the many observations 
of the occurrence of flavonoid glycosides in other 
plants. 


Nature of the primary fluorescent components 


The fluorescent spot 3 is fisetin (IT), first isolated 
from Quebracho extract by Perkin & Gunnell 
(1896). In view of the manner in which the hydroxyl 
group content of flavonoid substances governs their 
distance of travel on chromatographing on paper 
(Bate-Smith & Westall, 1950) it seemed reasonable 
from the observed R, values (see Fig. 1) that 
fluorescent spot 1 might be 3:7:4’-trihydroxyflavone 
(I) and that fluorescent spot 4 might be robinetin 
(III). Both substances were synthesized and their 
identity with spots 1 and 4 established by two- 
dimensional paper chromatography as already 
described. There appears to have been no previous 
report of 3:7:4’-trihydroxyflavone as a natural 
product. 

Spot 2 had a chrome-yellow fluorescence as 
opposed to the green-yellow shown by fisetin and 
robinetin. It was ultimately isolated in crystalline 
form (see below) and found to contain a methoxyl 
group. Two-dimensional chromatography on paper 
after demethylating with HI showed that demethyl- 
ation formed fisetin and left traces of the original 
unchanged material. Since this original material 
had a chrome-yellow fluorescence (Kuhn & Low, 
1944a) it seemed likely that it was 4’-methoxy- 
fisetin (IV, see p. 588). This flavone does not 
appear to have been recorded previously and was 
synthesized by condensing benzoyl ‘sovanillic 
anhydride with w-benzoyl-hydroxyresacetophe- 
none in the presence of triethylamine and de- 
benzoylating with alkali (Kuhn & Low, 19445). 
This synthetic product had the same fluorescence 
and R, value on paper chromatography as spot 2 
and the same ultraviolet absorption spectrum and 
melting point as the isolated natural product. 
There is no doubt of the identity of the latter, 
which may, to some extent, account for the small 
methoxyl content of Quebracho extract. 

The identification of 3:7:4’-trihydroxyflavone and 
robinetin rests on the chromatographic and synthetic 
evidence since both are present in Quebracho 
extract in much smaller quantity than fisetin and 
its 4’-methoxy derivative and they have not been 


Table 6. Glucose, gallic acid and yellow-fluorescent-component content of Quebracho extract fractions before and after acid hydrolysis 
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isolated in crystalline form so far although they have 
been highly concentrated in the following work. 

In an attempt to isolate or concentrate these four 
primary fluorescent substances and any other 
recognizable ‘simple components of the extract a 
large quantity of Quebracho extract (700 g.) was 
hydrolysed with ethanol—10 % (w/v) aqueous HCl 
mixture (1:1, by vol.). Details of the hydrolysis and 
of the subsequent procedure which resulted in the 
isolation of seven fractions (la, 1b, 2a, 2b, 2c, 3 
and 4) containing the acid-resistant low molecular 
weight components of Quebracho extract are given 
in the Experimental section. 

Fraction la yielded 0-63 g. of crystalline gallic 
acid and 0-24 g. of a phenolic substance which is so 
far unidentified. Paper chromatography also showed 
up the presence of the ethyl gallate of fraction 2b. 
Fraction 1b yielded only gallic acid (0-27 g.). 


HO HO. oO 
. OH 
OH 
1 
HO Oo 
O 


Fraction 2a (7-5 g.) was observed by paper chro- 
matography to be a complex mixture containing 
3:7:4’-trihydroxyflavone, fisetin, and robinetin to- 
gether with a number of non-fluorescent poly- 
phenolic substances which have still to be separated 
and identified. Fraction 2c contained little other 
than fisetin, of which 0-58 g. was recovered in 
crystalline form and identified by paper chromato- 
graphy, and comparison with synthetic material. 

Fraction 2b (1 g.) contained primarily a sub- 
stance staining yellow with bisdiazotized benzidine 
on paper chromatograms. It was isolated in 
crystalline form as described in the Experimental 
section and ultimately identified as ethyl gallate. 
It is an artifact produced from liberated gallic acid 
during the course of the acid hydrolysis as a con- 
sequence of using 1:1 water-ethanol as a solvent 
for the hydrolysis, but the occurrence of some 10% 
of the isolated gallic acid in this form is somewhat 
surprising in view of the amount of water present 
and the method of isolation. 
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Fraction 3 remains for detailed investigation. 
Fraction 4 yielded crystalline 4’-methoxyfisetin 
(35 mg.) as described in the Experimental section. 


Sugars 


A detailed examination of the substances present 
in Quebracho fraction Q,,, and particularly of the 
sugars has been commenced. The contents of the 
final tube in a 10-tube countercurrent distribution of 
Q11, between ethyl methyl ketone and 1% (w/v) 
acetic acid (Kirby & White, 1954) were examined by 
chromatography on cellulose powder with water- 
saturated n-butanol as described in the Experi- 
mental section using the method of Hough, Jones & 
Wadman (1949) to follow the separation of the 
sugars. Rhamnose, ribose, fucose, xylose, arabinose, 
glucose, galactose and a component since identi- 


OH OH 
HO 0. 
OH OH 
OH OH OH 
III 
OH 
OCH, 


OH 


fied as 5-hydroxymethylfurfural (H. C. G. King, 
personal communication) were found to be present. 
Rhamnose, xylose and arabinose were completely 
separated by this method but the separations of 
ribose from fucose and glucose from galactose were 
poor. Ribose and fucose were however separated by 
using water-saturated ethyl methyl ketone as an 
eluent instead of the water-saturated n-butanol, 
and glucose and galactose were separated by eluting 
with tert.-butanol-ethyl methyl ketone—water 
(25:60:15, by vol.). The amount of galactose 
recovered was too small to allow formation of a 
crystalline derivative but the remaining six sugars 
were all crystallized as the p-toluenesulphon- 
hydrazones (Easterly e¢ al. 1951; Freudenberg & 
Blummel, 1924). The configuration of the sugars 
appears to be L-rhamnose, D-xylose, L-arabinose and 
L-fucose. They may conceivably arise by auto- 
hydrolysis of other components present in Que- 
bracho heartwood during the original water extrac- 
tion of the tannin. 
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Presence of anthraquinone 


In addition to these sugars, Q,,, contains the more 
organic-solvent soluble and lower molecular weight 
components of Quebracho extract, e.g. the flavonoid 
fluorescent substances. A reasonable separation of 
some of these components can be obtained by 
chromatographing Q,,, with various eluting organic 
solvents on columns of dry chromatographic 
quality silica gel. In particular, fisetin and gallic 
acid can be obtained crystalline by eluting first with 
ether—acetone or ether—ethyl acetate (both 9:1, by 
vol.). On one particular occasion a third crystalline 
compound separated from the fisetin eluate as pale 
yellow needles, m.p. 272—274° (some sublimation). 
It sublimed readily under reduced pressure, gave 
a positive oxanthrol test and by reductive acetyla- 
tion was converted into the strongly blue fluorescing 
dihydroanthraquinone diacetate which showed no 
m.p. depression on mixing with an authentic sample. 
There is little doubt that the initial compound was 
anthraquinone which has not been reported pre- 
viously as occurring naturally, although f-methyl- 
anthraquinone occurs in teak wood (Kafuku & Sebe, 
1932). Fractionation of further samples of Q,,, and 
of Quebracho extract has failed to yield anthra- 
quinone in crystalline form but evidence of its 
presence is given by the production of an intense blue 
fluorescence when the extract is reductively acetyl- 
ated with Zn dust and acetic anhydride, and also by 
paper chromatography. It may be relevant that 
Nierenstein (1907) reported that by treating 
Quebracho extract with potassium persulphate and 
distilling the product with Zn dust he was able to 
isolate anthracene. 


DISCUSSION 


As a result of these investigations the nature of 
a number of the minor components of Quebracho 
tannin extract is now known. The striking yellow 
fluorescence of the extract is due to the presence of at 
least 16 flavonoid substances of which 4 appear to 
be the primary parent compounds. These four are 
3:7:4’-trihydroxyflavone, 3:7:3’:4’-tetrahydroxyfla- 
vone (fisetin), 3:7:3’:4’:5’-pentahydroxyflavone 
(robinetin), and 3:7:3’-trihydroxy-4’-methoxyfla- 
vone (4’-methoxyfisetin). The relationship between 
these primary fluorescent substances, all having the 
same carbon skeleton and varying in regular 
sequence in their phenolic hydroxyl group content, 
may be significant in relation to the structure of the 
Quebracho tannins which have yet to be investi- 
gated, although it must be emphasized that the 
fluorescent substances are not tannins and form 
only a very small part of the extract. It is interest- 
ing to recall the similar mono-, di-, and tri-hydroxy- 
phenol relationship in the simple aldehyde oxidation 
products of lignin—i.e. p-hydroxybenzaldehyde, 
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vanillin, syringic aldehyde (Leopold, 1952), and in 
the anthocyanins (Mayer & Cook, 1943). Three of 
these related fluorescent compounds (not the 
4’-methoxyfisetin) are also present in ‘Mimosa’ 
tannin extract from the bark of Acacia mollissima. 

The remaining twelve of the sixteen yellow 
fluorescent substances seem from hydrolysis experi- 
ments to be gallic acid and sugar derivatives of the 
four primary fluorescent compounds. The tannin 
extract also contains gallic acid and seven mono- 
saccharides in the free condition, the total sugar 
content (ca. 3%) being such that these substances 
clearly do not have the structural significance that 
they possess in the case of the hydrolysable tannins. 

The significance of the single isolation of anthra- 
quinone is doubtful although the reductive acetyla- 
tion test indicates it to be present also in ‘Mimosa’ 
extract and in other tannin extracts. It is clear, 
however, that if ideas as to the structure of the 
condensed tannins are to be based on the nature of 
the flavanoid substances present in the extracts 
(e.g. Freudenberg & Maitland, 1934) the suggestions 
should be made with caution until sufficient single 
pure substances possessing the capacity to tan have 
been isolated from condensed extract and a better 
idea of the real function of tannins in plants has 
been obtained. 


SUMMARY 


1. Previous work on the general fractionation of 
Quebracho extract and the method of characterizing 
the components of the extract is summarized. 

2. The minor components of the extract have 
been examined in some detail. The characteristic 
yellow fluorescence of the extract under ultraviolet 
light is due to the presence of at least sixteen sub- 
stances, of which twelve appear to be glycosyl and 
galloyl derivatives of the remaining four. 

3. The four primary fluorescent substances are 
3:7:4’-trihydroxyflavone; 3:7:3’:4’-tetrahydroxyfla- 
vone (fisetin); 3:7:3':4’:5’-pentahydroxyflavone 
(robinetin); and 3:7:3’-trihydroxy-4’-methoxyfla- 
vone (4’-methoxyfisetin), recalling the correspond- 
ing mono-, di- and tri-hydroxyphenol relationship 
of the aldehydic oxidation products of lignin or the 
corresponding sequence in anthocyanins. The 
possible significance of this in relation to the 
structure of tannins is commented on. 

4. Gallic acid, glucose, xylose, arabinose, fucose, 
rhamnose, ribose, galactose and 5-hydroxymethyl- 
furfural are present in the extract in the free condi- 
tion. Gallic acid and glucose increase in amount on 
hydrolysis of the extract and its fractions. Ethyl 
gallate was isolated as an artifact arising during 
hydrolysis. 

5. Anthraquinone has been isolated from one 
batch of extract and other samples (and other 
extracts) show evidence of its presence. 
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6. The fact that these findings add to the com- 
plexity of the problem of determining the composi- 
tion and the natural function of tannin extracts is 
emphasized. 

The authors wish to thank the Forestal Land, Timber and 
Railways Co. Ltd. for permission to publish this paper. 
They are also indebted to Dr T. Swain, Low Temperature 
Research Station, Cambridge, for a sample of 3:7:4’-tri- 
hydroxyflavone. 
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A Hexose-1-Phosphatase in Silkworm Blood * 


By P. FAULKNER 
Laboratory of Insect Pathology, Sault Ste. Marie, Ontario, Canada 


(Received 26 January 1955) 


A number of phosphatases have been found in 
insects; however, little is known concerning their 
substrate specificity and the part they play in 
intermediary metabolism. Drilhon (1943) showed 
that the gut of certain species of Coleoptera, 
Neuroptera, Orthoptera and Lepidoptera contains 
an alkaline phosphatase, while an acid phosphatase 
is present in the Malpighian tubules. The presence of 
an acid phosphatase has also been observed in the 
honey-bee, housefly, and cockroach (Rockstein & 
Levine, 1951). Day (1949), applying histological 
methods, studied the distribution of alkaline 
phosphatase in several insects. With f-glycero- 
phosphate as substrate, activity was found in the 
alimentary tract, in muscle, and in storage, nervous, 
and reproductive tissue. The silk glands of the silk- 
worm (Bombyx mori L.) contain a strong phospho- 
monoesterase (maximum activity, pH 4-2-5-0) 
and a feebler alkaline phosphatase (pH maximum, 
7-5-8-5). An alkaline pyrophosphatase is also 
present (Denucé, 1952). A specific adenosinetri- 
phosphatase (ATP-ase) is present in the mito- 
chondria of the housefly (Sacktor, 1953). This 

* Contribution No. 190, Division of Forest Biology, 
Science Service, Department of Agriculture, Ottawa, 
Canada. 


enzyme is activated by magnesium and inhibited by 
azide but not fluoride. A fluoride-sensitive ATP-ase 
is present in the ‘soluble’ fraction of the housefly 
preparation. 

The present paper is concerned with some of 
the properties of a specific hexose-1-phosphatase 
which has been found in silkworm blood. 


EXPERIMENTAL 


Silkworm-blood preparation 


Silkworm-blood preparations were obtained from pure-line 
strains of white, yellow, and zebra varieties of B. mori 
reared at this laboratory. Fifth-instar larvae within 2-3 
days of pupation were used throughout the study. The 
larvae were bled into a test tube embedded in crushed ice. 
Blood collected in this manner can be stored for at least 
3 months at -28° without loss of hexose-1-phosphatase 
activity. In the experiments to be described here 0-5ml. of 
a 1:10 (v/v) dilution of blood in water was used routinely. 
This represents, on the average, 250ug. total N in non- 
dialysed or 75g. total N in dialysed blood. 


Materials 


All materials used were reagent grade. Glucose 1- 


phosphate, glucose 6-phosphate, fructose 6-phosphate, 
ribose 5-phosphate, hexose diphosphate and adenosine 








Vol. 60 


triphosphate were obtained from Schwarz Inc., New 
York, U.S.A. A sample of galactose 1-phosphate was 
generously supplied by Dr D. J. Kushner. Sugar phos- 
phates supplied as the Ba salt were converted into Na salts. 
Hexose diphosphate was purified by washing the Ba salt 
at pH8-0 with water several times. p-Nitrophenyl 
phosphate was obtained from the Sigma Chemical Com- 
pany, Saint Louis, Mo., U.S.A. 


Incubations 


Incubations were carried out in open test tubes (3-5 ml. 
capacity) in a water bath at 30°. The total volume incu- 
bated in each tube was 2-0 ml. 50mm sodium acetate, 
pH 5-0, was present in all experiments except where the 
pH/activity relationship was studied. Allsubstrates and test 
substances were brought to pH 5-0 by addition of dilute 
HCl or KOH before addition to the incubation tubes. 

The amount of enzymic activity in a particular system 
was represented by the difference between the amounts of 
reducing sugar and/or inorganic phosphate in an incubated 
sample and its control. The control contained a heated 
enzyme preparation in place of the active enzyme and it 
was incubated and treated similarly to the active system. 
Using this technique it was found that glucose 1-phosphate 
was stable under the experimental conditions and that the 
concentration of inorganic phosphate in the non-dialysed 
enzyme preparation accounted for 0-3 mm/100 ml. whole 
blood, in agreement with the figures given by Bialaszewicz 
& Landau (1938). 

After incubation the protein was precipitated by addition 
of 0-5 ml. 12% (w/v) trichloroacetic acid and mixing. 
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Samples of the supernatant were taken for inorganic 
phosphate determination by the method of Fiske & 
Subbarow (1925) and reducing sugar by the LePage (1951) 
modification of the Folin & Malmros (1929) method. A 
Beckman DU spectrophotometer was used for all colori- 
metric readings. In some instances, e.g. in obtaining the 
kinetic data for fluoride inhibition, a 5 cm. light path was 
used instead of a 1 cm. path. 


RESULTS 


Correlation between release of inorganic 
phosphate and reducing sugar 


Reducing sugar and inorganic phosphate are 
formed at equal rates when glucose 1-phosphate is 
incubated with the silkworm-blood preparation. 
This observation is illustrated by the results given 
in Table 1. Three experiments are reported. (i) The 
relationship between the time of incubation and the 
amounts of end products accumulating was deter- 
mined. (ii) The concentration of the substrate, 
glucose 1-phosphate, was varied between 0-5 and 
4mm and the amounts of glucose and inorganic 
phosphate produced were determined. (iii) The 
relationship between the rate of reaction and the 
enzyme concentration was investigated. The results 
show that in each instance the ratio (inorganic 
phosphate) : (reducing sugar) is approximately unity 
indicating a parallel release of glucose and inorganic 





Table 1. Relationship between rates of reducing sugar and inorganic phosphate release 


Standard test system as in text with glucose 1-phosphate, 10 mm, in (i) and (iii). Incubated 20 min. at 30°. In (i) the 
time of incubation was varied as indicated, in (ii) glucose 1-phosphate concentration was varied, in (iii) the enzyme 


concentration was varied. 


Inorganic Reducing y 
Incubation time phosphate sugar Inorganic phosphate 
(min.) (umoles) (zmoles) Reducing sugar 
(i) Expt. 1 10 0-45 0-50 0-90 
20 1-07 1-08 0-99 
30 1-72 1-51 1-14 
Expt. 2 5 0-55 0-56 0-98 
10 0-76 0-78 0-97 
15 1-20 1-21 0-99 
Glucose 
1-phosphate concn. 

(mM) 
(ii) 0-5 0-69 0-68 1-01 
0-75 0-82 0-83 0-99 
1 1-04 0-93 1-12 
1-5 1-23 1-19 1-03 
2 1-36 1-40 0-97 
4 1-96 1-90 1-03 

Silkworm blood, 
1:10 dilution 

(ml.) 
(iii) 0-10 0-93 1-00 0-93 
0-20 1-88 1-72 1-09 
0-40 3-48 3-05 1-14 
0-80 5-38 5-30 1-02 
1-20 7-06 7°35 0-96 
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phosphate. The data suggest that the breakdown of 
glucose 1-phosphate can be represented as follows: 


glucose 1-phosphate > 
glucose + inorganic phosphate (1) 

The presence of glucose in incubated mixtures 
was demonstrated by paper chromatography. 

Tubes containing glucose 1-phosphate enzyme and buffer 
were incubated with active or heated enzyme preparations. 
Samples (0-05 ml.) were applied to the origin of a sheet of 
Whatman no. 1 paper and developed overnight, either in 
n-propanol-ammonia—water (6:3:1, by vol.) or in tert.- 
butanol-acetic acid—water (60:25:15, by vol.). After 
drying, the papers were sprayed with aniline hydrogen 
phthalate reagent (Partridge, 1949) for reducing sugars. 
Glucose could be detected only when the complete system 
had been incubated. The reducing substance found during 
incubation moved to the same position as a test sample of 
glucose and, when mixtures of glucose and the complete 
incubation mixture were chromatographed, only one spot 
appeared. 

The results given in Table 1 also illustrate that the 
amounts of the end products produced are pro- 
portional to the time of incubation and to the 
quantity of enzyme present, and provide further 
evidence that a single one-step reaction is involved. 


Substrate specificity 


The substrate specificity of the silkworm-blood 
enzyme towards a number of phosphate esters was 
investigated. Results given in Table 2 show that, of 
the naturally occurring phosphate esters tested, 
only glucose 1-phosphate and galactose 1-phosphate 
are hydrolysed to any considerable degree. The 
preparation also hydrolyses synthetic p-nitrophenyl 
phosphate, but at a rate slightly greater than that 
for glucose 1-phosphate. 


Table 2. Substrate specificity of silkworm-blood 
phosphatase 


Standard test system as in text with substrate as indi- 
cated. Incubated 15 min. at 30°. The control with each 
substrate contained the complete system with heated 
enzyme. 

Inorganic phosphate 
released by test 
substance expressed as 
% of inorganic phosphate 
from glucose 1-phosphate 
in same experiment 


Test substance 
(10 mm) 


Glucose 1-phosphate 100-0 
Galactose 1-phosphate 82-0 
Glucose 6-phosphate 0-0 
Fructose 6-phosphate 6-0 
Hexose diphosphate 4-0 
Ribose 5-phosphate 8-0 
Na pyrophosphate 1-0 
3-Phosphoglycerate 2-0 
B-Glycerophosphate 0-3 
Adenosine triphosphate (5 mm) 2-5 
p-Nitropheny! phosphate 135-0 
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When mixtures of glucose 1l-phosphate with 
p-nitrophenyl phosphate or galactose 1-phosphate 
are incubated with the enzyme, the quantity of 
inorganic phosphate liberated is not the sum of the 
amounts produced when each substrate is incubated 
separately, as would be expected if two enzymes 
saturated with substrate were present (Table 3). 
Furthermore, the hydrolysis of both substances is 
inhibited by low concentrations of fluoride (‘Table 3). 
On the basis of these results it is concluded that 
glucose 1-phosphate, galactose 1-phosphate, and 
p-nitrophenyl phosphate are decomposed by a 
single enzyme. 


Table 3. Effect of fluoride on the breakdown of 
mixtures of glucose 1-phosphate (G1-P) with 
p-nitrophenyl phosphate (p-NPP) and galactose 
1-phosphate (Gal 1-P) 


Standard test system as in text with G1-P, Gall-P, 
p-NPP, 10 mm; NaF, 0-2 mm. Incubated 20 min. at 30°. 





Inorganic 
phosphate Inhibition 
Additions to liberated by fluoride 
Expt. basic medium (umoles) (%) 

1 GIl-P 1-52 os 
G1-P+NaF 0-87 43 
p-NPP 2-06 
p-NPP + NaF 1-46 29 
G1-P +p-NPP 2-21 — 
G1-P +p-NPP + NaF 1-60 28 

2 Gi1-P 2-06 — 
G1-P + NaF 1-00 51 
Gall-P 1-69 _- 
Gall-P + NaF 0-44 74 
G1-P +Gal1-P 2-16 
G1-P +Gall-P + NaF 0-77 64 


pH /activity relationship 

The pH/activity diagram for the enzyme with 
glucose 1-phosphate as substrate is given in Fig. 1. 
Maximum activity is attained at pH 4-0-4-5 and 
thereafter it declines gradually as the pH approaches 
neutrality. The pH of silkworm blood falls in the 
range 6-2—6-6 (Epstein, 1930). It is evident, there- 
fore, that the enzyme is active, though not at its 
maximum efficiency, at the physiological pH, and 
might be expected to be of importance in the 
metabolism of carbohydrates in the blood. 


Substances affecting activity 


A number of compounds were found to inhibit 
hexose-1-phosphatase activity. A list of some of the 
materials tested and their effects is given in Table 4. 
Fluoride is a strong inhibitor at low concentrations, 
producing approximately 50 % inhibition at 0-2 mm. 
Both arsenate and phosphate inhibit at 10 mm. Itis 
interesting to note that’ while one of the reaction 
products, phosphate, inhibits strongly, the other 
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reaction product, glucose, has no effect on the 
enzyme activity. Other 1-substituted sugars, e.g. 
methyl «-glucoside, methyl «-mannoside, salicin, 
and ««-trehalose do not affect the rate of glucose 
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of hexose-1-phosphatase. The buffers used were: glycine— 
HCl, 10 mm, pH 2-5-4-0; acetic acid-sodium acetate, 
50mm, pH 4-0-6-5; glucose 1-phosphate, 20mm, 
pH 5-5-7-5. The complete system contained buffer at 
the stated concentration; glucose 1-phosphate, 10 mm 
except in the pH range 5-5-7-5 when it was also buffer. 
Other conditions standard. Incubated 15 min. at 30°. 





Table 4. Effects of substances on hexose- 
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1-phosphate dephosphorylation. Citrate (10 mm) 
is a weak but consistent inhibitor. This latter 
result indicates that the new silkworm phosphatase 
is different in properties from mammalian prostate 
acid phosphatase which is stimulated by citrate 
(Anagnostopoulos, 1953). 

It was important to compare the effects of 
fluoride, nitrite, and hydroxylamine on hexose-1- 
phosphatase as these three compounds are known to 
terminate the latency phenomenon in silkworm 
virus disease (Veneroso, 1934, Yamafuji & Cho, 
1947). The possibility exists that these substances 
owe their action to an interference in an essential 
metabolic process connected with virus production. 
However, neither nitrite nor hydroxylamine alters 
hexose-1-phosphatase activity and it follows that 
other enzyme systems are affected by compounds 
terminating the latency. 

High concentrations of potassium and sodium 
ions exert little effect on the phosphatase. At a 
concentration which uncouples oxidation and 
phosphorylation 2:4-dinitrophenol has no effect on 
enzyme activity. 


Kinetics of fluoride inhibition 

Results given in Fig. 2 illustrate the kinetics of 
the inhibition of hexose-1-phosphatase activity by 
two concentrations of fluoride when glucose 1- 
phosphate is substrate. The data are plotted 
according to the method of Lineweaver & Burke 
(1934). The form of the diagram indicates that 
fluoride is a competitive inhibitor of the enzyme. 
The K,, value in the experiment presented in Fig. 2 
is 4 mm. The actual value varied from 3-3 to 5-5 mm 





1-phosphatase activity 


Standard test system as in text with glucose 1-phosphate, 19 mm. Incubated 20 min. at 30°. 


Test substance 


Sodium fluoride 
Sodium phosphate 
Sodium arsenate 
Glucose 

Methyl «-glucoside 
Methyl «-mannoside 
Salicin 

aa-Trehalose 
Glucose 6-phosphate 
Sodium citrate 
Potassium nitrite 
Hydroxylamine hydrochloride 
Potassium chloride 
Sodium chloride 
2:4-Dinitrophenol 
Glycogen 

Potato starch 
Maltose 


35 45 55 65 75 
pH 
Fig. 1. Composite diagram of the pH/activity relationship 
! 


Percentage inhibition 
by test substance of 
glucose 1-phosphate 
hydrolysis 
56-0*F 
54-0F 
80-07 
7-0* 
0-0*+ 
0-0*F 
0-0*+ 
0-0* 
0-0* 
25-0*+ 
2 3-0* 
10 6-0* 
100 7-0*F 
100 16-0*+ 
0-5 0-0*F 
2 mg./ml. 0-0*+ 
2 mg./ml. 0-0*+ 
10m 3-0* 


Conen. 
(mm) 


The superscript symbols refer to the analytical method used to assay hexose-l-phosphatase. * Refers to inorganic 


| _—" release; f to reducing sugar release. 
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in a series of experiments. It is possible that the activities of the undialysed and the dialysed prepara- 


observed range is due to interfering substances tions were then compared under identical experi- 
present in the crude whole blood enzyme pre- mental conditions. The effect of magnesium on the 
two preparations was also tested. Results given in 
Table 5 show that magnesium sulphate (5 mm) has 
no effect on the enzyme activity of either prepara- 
tion. 


parations. 


Effects of magnesium and dialysis 


Two 15 ml. lots of a 1:5 (v/v) dilution of silkworm 
blood in 50mm sodium acetate, pH 5-0, were 
prepared. The first portion was stored overnight at 
0° and the second was dialysed overnight at 0° 
against 51. of buffer. The hexose-1-phosphatase The feasibility of using the crude silkworm-blood 
enzyme for glucose 1-phosphate analysis was 
100 considered and some preliminary results are 

reported. Results given in Table 6 show the per- 
centage recoveries obtained when mixtures of 
90 glucose 1-phosphate with glucose 6-phosphate and 
ATP were assayed using the enzyme. In these 
experiments the incubation time was increased to 
60 min. but the final blood dilution was kept at 
wi 1:40. It will be seen that recoveries in the range 
84-91 % can be obtained when 0-25, 0-5, or 1-0 wmole 
of glucose 1-phosphate is added to the silkworm 
40 preparation. When mixtures of glucose 1-phosphate 
with high ratios of glucose 6-phosphate or ATP were 
estimated using the enzyme the recovery range was 
20 89-107 % (Table 6). The method can, therefore, be 


Estimation of glucose 1-phosphate in mixtures 
with other phosphate esters 


1/V 
> 


Table 5. Effects of dialysis and magnesium ions 


00 400 500 he 
on hexose-1-phosphatase activity 


0 100 200 3 
1/[S] 
Standard test system as in text with glucose 1-phosphate, 


Fig. 2. Inhibition of hexose-l-phosphatase by sodium 
10 mm. Incubated 20 min. at 30°. 


fluoride. Line A represents activity in absence of 


inhibitor. Line B with sodium fluoride, 0-125 mm; line C Inorganic phosphate due to 
with sodium fluoride, 0-175 mm. Complete system as “a cere (umoles) 
in text, glucose 1-phosphate as indicated. Incubated 

10 min. at 30°. [S] refers to molar concentration of the MgSO, Non-dialysed Dialysed 
substrate; V is the amount of reducing sugar liberated Nil 1-78 1-17 
during incubation, expressed in optical density units. 5 mM 1-79 1-02 


Table 6. Use of the silkworm-blood preparation for the estimation of glucose 1-phosphate in mixtures 
with ATP and glucose 6-phosphate (G 6-P) 


Standard test system as in text with additions as indicated. Incubated 60 min. at 30°. A control containing heated 
enzyme was run on each of the incubated tubes. 





Additions to basic medium (ymoles) Inorganic Percentage of 

c A— ~ phosphate due added glucose 

Glucose to enzyme action* 1-phosphate 

Expt. 1-phosphate Admixture (moles) accounted for 
1 0-500 Nil 0-435 87 
1-000 Nil 0-840 84 
0-500 20 G6-P 0-536 107 
1-000 20 G6-P 0-895 89 
2 0-250 Nil 0-211 84 
0-500 Nil 0-454 91 
0-250 5 ATP 0-237 95 
0-500 10 ATP 0-490. 98 


* The figures given in this column represent the amount of inorganic phosphate found after incubation, less that found 
in the heated enzyme control. 
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used to give a rough quantitative estimate of 
glucose 1-phosphate present in mixtures with other 
naturally occurring phosphates possessing several 
similar chemical properties. 


DISCUSSION 


Results given above indicate that silkworm blood 
contains an enzyme which splits glucose 1-phosphate 
according to Eqn. 1. The possibility may be con- 
sidered that Eqn. 1 represents the sum of reactions 
(2) and (3): 


glucose 1-phosphate > 
polysaccharide + inorganic phosphate, 


(2) 
(3) 


The reaction depicted in Eqn. 2 could be catalysed 
by a phosphorylase, and that in Eqn. 3 by an 
hydrolytic enzyme. However, it was found that 
neither glycogen (obtained from an invertebrate 
source), starch nor maltose is decomposed in pre- 
parations of silkworm blood in which there is rapid 
hydrolysis of glucose 1-phosphate. Also, glycogen, 
starch or maltose do not significantly alter the rate 
of splitting of glucose 1-phosphate as might be 
anticipated if they were intermediates (see Table 4). 
Moreover, if the hydrolysis of glucose 1-phosphate 
required two or more enzymes, different rates of 
accumulation of glucose and inorganic phosphate 
would be expected under certain experimental 
conditions. However, a strict 1:1 relationship 
between the amounts of glucose and inorganic 
phosphate liberated is found under all the experi- 
mental conditions examined, e.g. variation of 
enzyme and substrate concentration, time of 
incubation, pH variation and presence of inhibitors. 
For these reasons it is concluded that glucose 1- 
phosphate hydrolysis is catalysed by one enzyme 
only. 

The phosphatase shows a high substrate specifi- 
city, since, of the naturally occurring phosphates 
tested as possible substrates, only glucose 1-phos- 
phate and galactose 1-phosphate are hydrolysed. 
Some further work on the substrate specificity 
is necessary before the preparation can be used 
for analysis of complex mixtures of sugar phos- 
phates. 

The studies of Smolin (1952) have shown that 
glucose 1-phosphate and glucose 6-phosphate are 
present in considerable amounts in larval silkworm 
blood and, by analogy with other animal groups, it is 
not unlikely that they are involved in the inter- 
mediate carbohydrate metabolism. 

Silkworm hexose-1-phosphatase is considered to 
take part in the enzymic breakdown of glycogen in 
larvae. In mammals, the conversion of glycogen 
into blood glucose by the liver is as follows 


polysaccharide —> glucose. 
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(Duve, Berthet, Hers & Dupret, 1949; Swanson, 


1950): 
phosphorylase 


glycogen + inorganic phosphate ——-_—-———— 
phosphoglucomutase 

glucose 1-phosphate —— ——_— 
glucose-6-phosphatase 

glucose 6-phosphate 





jp 





glucose + inorganic phosphate. 


In silkworm the postulated pathway for the forma- 
tion of blood glucose from glycogen is conversion 
of glycogen into glucose 1-phosphate as above, 
followed by hydrolysis according to Eqn. 1. 

The essential difference from glycogen break- 
down in mammalian liver is that a phosphogluco- 
mutase is not involved and reaction is accomplished 
in two stages. All attempts to demonstrate the 
presence of phosphoglucomutase or phosphorylase 
in silkworm blood have given negative results. 
However, the presence of glycogen and fermentable 
sugar in blood was demonstrated by Kuwana (1937) 
and phosphorylase may be encountered in one of the 
other tissues. 


SUMMARY 


1. Some of the properties of an enzyme present in 
silkworm blood which hydrolyses glucose 1-phos- 
phate are described. 

2. Amongst a series of naturally occurring phos- 
phate esters tested as substrates, only glucose 1- 
phosphate and galactose 1-phosphate are split. 
Synthetic p-nitrophenyl phosphate is hydrolysed 
by the same enzyme. 

3. Enzyme activity is unaffected by addition of 
magnesium ions to a non-dialysed or dialysed 
preparation, but is inhibited by fluoride, phosphate 
and arsenate. Fluoride is a competitive inhibitor of 
the enzyme. 

4. Optimum enzyme activity is at pH 4-0-4-5. 
Activity decreases sharply on the acid side, and 
more gradually on the alkaline side of the pH 
optimum. 

5. The silkworm-blood preparation can be used 
to assay glucose 1-phosphate in mixtures with 
glucose 6-phosphate and adenosine triphosphate. 

6. The possibility is considered that the physio- 
logical role of the enzyme in silkworm is analogous 
to that of glucose-6-phosphatase in mammals. 


I should like to thank Dr G. H. Bergold for the interest he 
has shown in the present work. 


REFERENCES 


Anagnostopoulos, C. (1953). Bull. Soc. Chim. biol., Paris, 
35, 575. 
Bialaszewicz, K. & Landau, C. (1938). Acta Biol. exp., 
Varsovie, 12, 307. 
38-2 





596 

Day, M. F. (1949). Aust. J. sci. Res. 2B, 31. 

Denucé, J. M. (1952). Experientia, 8, 64. 

Drilhon, A. (1943). C.R. Soc. Biol., Paris, 187, 390. 

Duve, C. de, Berthet, J., Hers, H. G. & Dupret, L. (1949). 
lst Int. Congr. Biochem. (Abstr. of Commun.) p. 403. 

Epstein, W. (1930). Russk. Zool. Zh. 10, 77. 

Fiske, C. H. & Subbarow, Y. (1925). J. biol. Chem. 66, 375. 

Folin, O. & Malmros, H. (1929). J. biol. Chem. 88, 115. 

Kuwana, Z. (1937). Japan J. Zool. 7, 273. 

LePage, G. A. (1951). Manometric Techniques and Tissue 
Metabolism, p. 190. Minneapolis: Burgess Publishing Co. 


P. FAULKNER 


1955 


Lineweaver, H. & Burke, D. (1934). J. Amer. chem. Soe. 
56, 658. 

Partridge, S. M. (1949). Nature, Lond., 164, 443. 

Rockstein, M. & Levine, L. (1951). Ann. ent. Soc. Amer. 
44, 469. 

Sacktor, B. (1953). J. gen. Physiol. 36, 371. 

Smolin, N. (1952). Biochemistry, Leningr., 17, 61. 

Swanson, M. A. (1950). J. biol. Chem. 184, 647. 

Veneroso, A. (1934). Boll. Staz. sper. Gelsic. bachi. Ascoli 
Piceno, 13, 1. 

Yamafuji, K. & Cho, T. (1947). Biochem. Z. 318, 95. 


A Possible Structure for the Higher Oxidation State of Metmyoglobin 


By P. GEORGE anp D. H. IRVINE 
Department of Colloid Science, University of Cambridge 


(Received 8 February 1955) 


In a previous paper (George & Irvine, 1954a) we 
concluded that there are two kinds of structure 
for the higher oxidation state of metmyoglobin 
(MetMb) which could explain the experimental 
observations. One is a radical structure formed by 
hydrogen atom removal from a methine carbon 
atom, a pyrrolic carbon atom or some other atom 
within the conjugated network of porphyrin ring 
and haemoprotein linkage; the other is a derivative 
of quadrivalent iron of the ferryl ion type, FeO?+. 

Further experiments have been undertaken to 
enable a choice to be made between these two 
structures, and the results of these are described and 
discussed below. The experiments fall into two 
sections. In the first, the hydrogen-ion changes 
accompanying the formation of the higher oxidation 
state in unbuffered solutions were measured, while 
in the second, the equilibrium constant for the 
reaction between MetMb and K,IrCl, was deter- 
mined under varying conditions of pH, temperature 
and ionic strength. The results of both classes of 
experiments are most simply interpreted on the 
basis of the ferryl ion structure. 

A brief account of the pH measurements has 
already been published (George & Irvine, 19545). 


MATERIALS AND METHODS 


Potassium chloroiridate. This was the same as that used 
previously (George & Irvine, 1954a). Spectrophotometric 
and potentiometric titrations with K,Fe(CN), showed the 
sample to be 99% pure. The titrations were carried out in 
acid solution using glass-distilled HCl, and the solutions 
were made up with water distilled from dil. KMnO,. In 
this way reduction of the K,IrCl, by trace reducing matter 
was prevented. In the experiments using unbuffered 


solutions, the K,IrCl, was made up in CO,-free water as 
described below, and used immediately to minimize any 


effect resulting from its hydrolysis. In the equilibrium 
experiments K,IrCl, was made up in dilute glass-distilled 
HCl (~10-*m) to prevent hydrolysis, although, as was 
shown previously (George & Irvine, 1954a) if hydrolysis 
occurs to any extent, its effect is almost negligible. The 
strength and volumes of the buffer solutions used were such 
that their pH values were not affected by the acid in the 
K,IrCl, solution. 

Buffer solutions. In the experiments with K,IrCh, 
phosphate buffers (NaOH + NaH,PO,) were used, the ionic 
strengths being adjusted to the value required by the 
addition of AR NaCl. The pH of each solution was measured 
using a Cambridge pH meter calibrated with 0-05m 
potassium hydrogen phthalate buffer. 

Metmyoglobin. MetMb was prepared and standardized as 
in previous papers (George & Irvine, 1952, 1953). 

Hydrogen peroxide. This was kindly supplied by Laporte 
Chemicals Ltd., as 97% (w/w) H,O., free from inhibitors. 
Stock solutions of approximately 0-1N were prepared by 
dilution, standardized against KMnO,, and then further 
diluted to the desired concentration. 

Measurement of pH in unbuffered solutions. The measure- 
ments were made with a Cambridge pH-meter using a glass 
electrode and the usual calomel reference electrode. The 
instrument was calibrated with 0-05m borax solution made 
up in CO,-free-distilled water (pH=9-25 at t=20°). 
Solutions of NaOH, H,0,, and K,IrCl, used in these 
experiments were also made up in CO, free water, and CO, 
was removed from MetMb solutions by evacuating for 
about 10 min. with a water pump. 

In order to prevent errors during measurement due to 
absorption of CO, by the solutions, the following experi- 
mental procedure was adopted. The solution of MetMb was 
placed in a glass cell sealed with a Perspex cover into which 
were fitted the two electrodes. A steady flow of nitrogen 
was maintained over the surface of the liquid by means of 
a side arm in the cell. A Perspex screw with a small hole, 
fitted in the cell cover, provided an outlet for the nitrogen 
and, when unscrewed, enabled liquid to be pipetted into the 
cell. 
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An acid-base titration curve of MetMb, which had been 
thoroughly dialysed to free it from traces of salt and 
evacuated as described above, was obtained by measuring 
the pH after adding varying amounts of NaOH. 40 ml. of 
10-*m or 5-0x10-'m MetMb were used and successive 
small amounts of 4x 10-?m-NaOH added, thus ensuring 
that the final volume of alkali added was small enough for 
changes of MetMb concentration during the titration to be 
negligible. Changes of pH accompanying the formation and 
reduction of the higher oxidation state of MetMb were then 
measured using a series of fresh solutions and the corre- 
sponding changes of combined H* were read off from the 
titration curve. Where the reaction took a finite time, 
the pH changes were followed until a steady value was 
obtained. 


RESULTS 


Hydrogen-ion changes accompanying the formation 
and reduction of the higher oxidation state of MetMb 
Typical results from which the acid-base titration 
curve of MetMb was constructed are given in 
Table 1. The corresponding curve was found to be 
approximately linear between pH 5-0 and 8-0. 
Above this pH, the ratio of alkali added to pH 
change produced is not constant but increases as the 
pH increases, which is in accord with the high lysine 
content of MetMb (Tristram, 1949) increasing the 
buffering capacity in this region. 
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Measurements of pH changes accompanying the 
formation of the higher oxidation state with H,O, 
and K,IrCl, were carried out, in each case using 
a concentration of reagent just sufficient to give 
complete formation of the higher oxidation state. 
The pH remained steady for at least 5 min. after the 
higher oxidation state had been formed by hydrogen 
peroxide, and this final pH was unaffected by the 
addition of more peroxide. When K,IrCl, was used, 
asmall change in pH was noticed if further additions 


Table 1. Acid—base titration of MetMb 
at room temperature, 18° 


MetMb=1-0 x 10-*m (initial volume 40 ml.); NaOH= 
4-15 x 10-2. 


Vol. NaOH 


Conen. of NaOH 
added in MetMb 


added to MetMb solution 
(ml.) (10-4) Observed pH 
0 0 5-44 
0-10 1-04 5-84 
0-25 2-58 6-44 
0-40 4-11 7-09 
0-60 6-13 7-82 
0-80 8-14 8-40 
1-00 10-12 8-84 
1-30 13-04 9-16 
1-80 17-87 9-56 
2-40 23-49 10-00 


Table 2. Hydrogen-ion changes accompanying the formation of the higher oxidation state of MetMb 


(a) Using H,O, as oxidizing agent 
(«) MetMb=1-0 x 10-4m; H,O,=1-8 x 10-4m. 
(B) MetMb=5-0 x 10-°m; H,O, =9-0 x 10-°m. 


Ht] ch 
a esac Ratio: 





pH after interpolated from , 
Initial pH addition of titration curve H* produced 
of MetMb H,0, (uM) MetMb reacting 
8-80 (x) 8-69 55-0 0-55 
7-88 (x) 7-66 60-0 0-60 
7-80 (a) 7-50 85-0 0-85 
8-85 (B) 8-53 42-0 0-84 
(b) Fe(CN),*- added before H,O, 
: MetMb=1-0 x 10-*m; H,O, =2-0 x 10-4. 

Initial 2 
conen. of Initial pH after Ratio: 
Fe(CN),!- pH of MetMb addition of [H+] change H* change 

(uM) + Fe(CN),*- H,0, (uM) MetMb reacting 

100-0 7-66 7-73 — 20-0 — 0-20 

90-0 7-82 7-89 — 20-0 — 0-20 
(c) Using K,IrCl, as oxidizing agent 
(x) MetMb=1-0 x 10-*m; K,IrCl, =2-0 x 10-*. 
(B) MetMb=5-0 x 10-°m; K,IrCl,=9-0 x 10-°M. 
[H+] change : 

Initial pH after from titration [H+] change Ratio: 
pH of addition of curve after H* produced 
MetMb K,IrCl, (uM) correction MetMb reacting 
7:80 (a) 7-08 200-0 160-0 1-60 
8-70 (a) 8-16 215-0 170-0 1-70 
9-84 (8) 9-69 75-0 60-0 1-20 
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were made. On the basis of this further pH change, 
a correction was made to the observed pH change to 
allow for the effect of the excess of K,IrCl, (0-4— 
0-5 mole/mole MetMb) needed to produce 1 mole of 
the higher oxidation state: this excess is required 
because of the occurrence of side reactions (George 
& Irvine, 1954a). The results are summarized in 
Table 2, together with those for similar experiments 
in which H,O, was added to a mixture of MetMb and 
K,Fe(CN),. 

The results of reduction experiments using 
K,Fe(CN), are recorded in Table 3. The higher 
oxidation state of MetMb (Fe,'’) was formed by 
adding H,O, to MetMb after the pH of the MetMb 
solution had been adjusted to approximately 8-6 by 
addition of NaOH. This ensured that very little 
side reaction occurred (George & Irvine, 1952). In 
carrying out experiments at pH values other than 
8-6, the initial pH of the Fe,” solution was 
adjusted by the addition of HCl. 


Table 3. Hydrogen-ion changes accompanying the 
reduction of the higher oxidation state (Fe,"’) 
Fe,I¥ =1-0 x 10-4m; Fe(CN),!- =2°5 x 10M. 


[H*] 


change from Ratio: 


Initial pH pH after titration curve _ id change 

of Fe,!V reduction (uM) Fe,!¥ reacting 
8-69 9-03 — 170-0 —1-70 
7-89 8-51 — 225-0 — 2-30 
7-66 8-44 — 245-0 — 2-50 
7-50 8-27 — 240-0 — 2-40 


The reaction between metmyoglobin and K,IrCl, 


In an earlier paper (George & Irvine, 1954a) it 
was shown that under the appropriate conditions of 
pH an equilibrium is set up in this system according 
to the equation 

Fe,3+ + IrCl,2- = Fe,” + IrCl,3-. (1) 

(MetMb) 
Using the method of measurement described there, 
the equilibrium constant of reaction 1, 

K ope, = [Fe,] [IrCl,°-]/[Fe,**] [IrCl,?-] 
was obtained for various conditions of pH, temper- 
ature and ionic strength. In all experiments the 
MetMb concentration was about 5-0 x 10->m. 

Variation of K,,,, with pH. The results at two 
temperatures and constant ionic strength are 
summarized in Table 4. Inspection of the table 
shows that K,,,, increases with decreasing hydrogen- 


obs. 


ion concentration but that no linear relationship 
exists between K,,, and 1/[H*] or 1/[H*]?. The 
variation involves some more complicated de- 
pendence on [H*], greater than 1/[H*] and less than 
1/[H*}?, in a manner reminiscent of the effect of the 
ionization of the haem-linked acidic group upon the 
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equilibrium constant for the formation of metmyo- 
globin-fluoride and cyanide complexes (George & 
Hanania, 1954a). The participation of this haem- 
linked ionization must be taken account of in the 
MetMb-K,IrCl, reaction, and to do this the equa- 
tions developed in the studies on complex formation 
may be used. 


Table 4. Variation of K,,,. with pH 


(a) Temp. =20-4°+0-1; (6 Temp. =28-0°+0-2; 


J =0-042 I =0-042 
pH Kobs. pH Kops. 
6-69 0-12+0-01 6-45 0-09 +0-01 
6-82 0-19 +0-02 6-66 0-20+0-02 
6-93 0-:24+0-03 6-80 0-27+0-02 
7-33 1-:10+0-10 6-89 0-40 +0-03 
7-78 4-90 +.0-40 7-20 0-94+0-05 


If it is assumed that the oxidation of MetMb by 
K,IrCl, liberates 2 moles of H*/mole, as is indicated 
by the pH measurements in the preceding section, 
then the appropriate expression for the equilibrium 
constant K, at unit [H*] is 

K,=K,,,(H*}(K,+[H")})/(K,+[H*]), (2) 
K, and K, are the ionization constants of the haem- 
linked group in the reactant (MetMb) and in the 
product (the higher oxidation state) and the 
equilbrium constant K, refers to the reaction in 
which the haem-linked group remains in its con- 
jugate acid form throughout. Equation 2 can be 
rewritten 

K,K,+K,[H*]=K,,,[H*}(K,+[H*]). (3) 
Taking pK,= 6-1 at 20° and J=0-04 as determined 
from the reaction of MetMb with fluoride (George & 
Hanania, 19546), the function on the right-hand 
side of Eqn. 3 can be evaluated and plotted against 
[H*]. Fig. la shows a typical plot for results at 
20-4° and [=0-042. The good linearity obtained is 
strong evidence for the correctness of the reaction 
mechanism liberating 2H* per mole, and on this 
basis values of K, and K, have been calculated from 
the slopes and intercepts of such lines. From the 
results piotted in Fig. 1, K,=(2-18+ 1-0) x 10-™ 
and pK,=7:5+0-1. pK, is almost temperature- 
independent (George & MHanania, unpublished 
results) and from results at 28°, J= 0-042, 


K,=(3-60 + 0-20) x 10-4 
and pK, =7-5+ 0-1 as before. 

On the other hand, if it is assumed that the oxida- 
tion of MetMb by K,IrCl, liberates 1 mole of H*/ 
mole, then the equation corresponding to Eqn. 2 is 

K,=K,,[H*] (K,+[H*))/(K,+[H"*)), 


and the appropriate plof to test the correctness of 
this assumption is of K,,,[H*] (K,+[H*]) against 





” 
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[H*]. Similarly, on the assumption that 3 moles of 
H* are liberated/mole, the plot is of 


K».[H*(K, + [H*]) 


against [H*]. These give lines with a very marked 
curvature, as shown in Fig. 16 and c, and it can be 
concluded that the original assumption that 2 moles 
of H* are liberated/mole is justified. 


Function of Kobs. and [H*] 





10 20 
[H*] x10 


Fig. 1. Plots of functions of K,,,, and [H*] at 20-4° and 
I =0-04 to determine whether 1, 2 or 3 moles of H* are 
liberated per mole of MetMb in its oxidation by K,IrCl,. 
a, Plot of K,,,(H*}*(K,+[H*]) x10 against [H*]; 
b, plot of K,,{H*](K,-+[H*]) x10 against [H*]; 
c, plot of K,,,[H*}(K,+[H*]) x 10° against [H*]. 
K, is the ionization constant of the haem-linked group in 
metmyoglobin, i.e. 8 x 10-7. The good linearity of a is 
strong evidence for the liberation of 2 moles H*/mole. 


Variation of Ky with temperature. Values of 
Ky. were determined at four temperatures with 
both ionic strength and pH constant. The experi- 
ments were carried out using phosphate buffer of 
pH 6-90. This has a very small temperature co- 
efficient so that errors arising from the change of 
pH with temperature, and therefore changes of 
Ky. were negligible. A plot of log K,,, against 
1/T°x« is shown in Fig. 2. From the slope of the 
graph, AH° for the reaction of MetMb with K,IrC], 
is found to be (10+ 2) keal./g.mol. This value of 
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AH’ is in agreement with the value of 9-0 + 1-0 keal./ 
g-mol. obtained by using the two values of K, at 
20-4 and 28°. Since the former value includes the 
heats of ionization of the haem-linked groups the 
agreement is evidence that the contribution of these 
ionizations to AH° is small. 


1-4 


12 g 


10 


(logioKobs) +2 


0-8 
33 3°4 35 36 
1/T% x10 
Fig. 2. Variation of K,. with temperature. Plot of 
(logy9 Kops.) +2 against 1/7° k at pH =6-90 and J =0-042. 


Table 5. Variation of K,,. 
Temp. =20-2°+0-1; pH =6-95. 


_ with ionic strength 


I VI Kobe. (logio Kors.) +1 
0-0055 0-074 0-14+0-02 0-15+0-05 
0-012 0-110 0-16+0-02 0-20+0-05 
0-022 0-148 0-21+0-02 0-32 +0-04 
0-042 0-205 0-27 +0-02 0-43 + 0-03 
0-082 0-286 0-53 +0-07 0-72+0-05 
0-162 0-403 1-35+0-13 1-13+0-04 


Variation of K,,,, with ionic strength. The results 
of these experiments are summarized in Table 5. 
As far as was possible the pH was kept constant at 
6-95, but in cases where it was slightly different the 
values of the equilibrium constants were corrected 
on the basis of the known variation of K,,, with 
pH. The pH of buffer solutions were measured 
before and after the reaction. The values were the 
same in all cases except at the lowest ionic strength. 
In this case the initial pH of 6-90 fell to 6-65, and 
a mean value of 6-78 was taken. This fall in pH can 
be attributed to the buffering capacity at this low 
buffer concentration being exceeded by the hydro- 
gen ions liberated during the oxidation. 

A plot of log K,,,. against ./I is shown in Fig. 3: 
below ,/J = 0-2 the plot does not depart significantly 
from linearity with a slope of 2-0+0-5. Since Ky. 
refers to the condition of constant pH and is 
evaluated in terms of the concentrations of the 
reactants (IrCl,2- and MetMb) and of the products 
(IrCl,3- and the higher oxidation state) only the 
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charges on these four species should determine the 
variation of log K,,,, with ./I, provided that the 
simple Debye-Huckel expression for the variation 
of activity coefficient with ionic strength holds 
for these compounds in this range. Making this 
assumption, the slope of 2-0 corresponds to a 
change in effective ionic charge from +1 on MetMb 
to zero on the higher oxidation state. 





(logio Kobs.) +2 





0-2 03 


JI 


Fig. 3. Variation of K,,,, with ionic strength. Plot of 
(logy Kops.) +2 against .// at pH = 6-95 and temp. =20-2°c. 





The speed of the reaction. In previous experiments 
(George & Irvine, 19536), which were largely 
carried out in solutions of pH between 8 and 9, it 
was noted that the oxidation of MetMb by K,IrC], 
is extremely rapid, with a bimolecular velocity 
constant greater than 10° 1l.mole— sec.-!. In the 
present experiments using more acidic solutions 
(e.g. with pH below 7) it was observed that equi- 
librium was not attained ‘instantaneously’, but 
took about 10-20 sec. This suggests that the species 
of metmyoglobin involved in the rate-determining 
step is not its acidic form, but the alkaline form, in 
which a proton has ionized from the water molecule 
co-ordinated to the iron atom. The pK for this 
ionization is about 9 (Theorell & Ehrenberg, 1951; 
George & Hanania, 1952), and so at pH 7-0, 1% of 
the metmyoglobin would be present in the alkaline 
form. Thus, provided that the velocity constant was 
actually between 10° and 10®l.mole—!sec.—! for 
reaction of the alkaline form, a time interval of the 
order of 10 sec. would be required to attain equi- 
librium at pH 7. 


DISCUSSION 


The results of the pH measurements in unbuffered 
solutions may be summarized as follows: (i) when 
H,O, reacts with MetMb in the pH region 7-8—9-0 
between 0-5 and 1-0 mole of H* is produced/mole of 
MetMb;; (ii) if H,O, is added to a mixture of MetMb 
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and ferrocyanide ion there is a very small con- 
sumption of H*, about 0-2 mole/mole of MetMb 
oxidized ; (iii) in the oxidation of MetMb by K,IrCl, 
at pH values less than 9-0, approximately 2-0 moles 
of H* are produced/mole of MetMb, whereas above 
pH 9-0 approximately 1-0 mole of H* is produced; 
(iv) for each mole of the higher oxidation state 
reduced, a little more than 2 but less than 3 moles 
of H* are consumed. 

The simplest explanation of these results is 
afforded by the ferryl ion structure for the higher 
oxidation state of MetMb. If acidic MetMb is 
represented by the symbol Fe,*H,0, the iron atom 
carrying a unit positive charge and having a water 
molecule attached to it in the sixth co-ordination 
position (Keilin & Hartree, 1949; Haurowitz, 1951), 
then the corresponding ferryl ion structure for the 
higher oxidation state would be given by Fe,0, 
with zero charge on the iron atom and with an 
oxygen atom replacing the co-ordinated water 
molecule. On the basis of this structure, and taking 
into account the observation that a transient 
oxidizing entity is known to be produced in the 
system (George & Irvine, 1952), the reaction of 
H,O, and MetMb in acid solution may be expressed 
by the following equation: 


H,0, + Fe,*H,O > Fe,0+OH+H,0+H*, (4) 


where 1 mole of H* is liberated/mole of MetMb 
reacting. In alkaline solution MetMb exists in the 
form Fe,OH, the pK 
Fe,*H,0 = Fe,OH+H*, (5) 
having a value of about 9-0 (Theorell & Ehrenberg, 
1951; George & Hanania, 1952). The reaction 
corresponding to 4 between H,O, and alkaline 
MetMb should therefore yield no H*. Between 
pH 7-5 and 9-0, where both forms of MetMb are 
present in solution, fractional values of H* should 
be obtained. It can be seen that the results in 
Table 2a are in fair agreement with these expecta- 
tions, provided that under these conditions the HO 
radical formed in reaction 4 is used up in reactions 
which entail no production or disappearance of H*. 
If, however, a powerful reducing agent like the 
ferrocyanide ion is present initially, preferential 
reaction with the HO radical would be expected 
yielding OH ~ 
Fe(CN),’- + HO > Fe(CN),?-+0H , 


and, depending upon the extent to which this 
reaction occurred, the combination of the OH with 
H* produced in reaction 4 would lead to less H* 
being produced per mole of MetMb oxidized. The 
results in Table 26 are in accord with this. The very 
small consumption of H* under these conditions 
could be due to reduction of the higher oxidation 
state by ferrocyanide occurring to a slight extent in 
addition to the other reactions, for, as the results in 
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Table 3 show, reduction brings about the consump- 
tion of approximately 2 moles of H*/mole of the 
higher oxidation state. 

In the oxidation of MetMb by K,IrCl, the forma- 
tion of Fe,O from 1 mole of MetMb would involve 
the production of 2 moles of H* in acid solution, and 
1 mole in alkaline solution, according to the follow- 
ing equations: 
acid solution: 

Fe,*H,0 + IrCl,?- =Fe,0 + IrCl,?-+2H*; (6) 
alkaline solution: 
Fe,OH + IrCl,?- =Fe,0O + IrCl,3- + H*. (7) 


Table 2c shows that the experimental results are 
fairly consistent with these theoretical expectations. 

The changes in H*-ion concentration accom- 
panying the reduction of the higher oxidation state 
at various initial pH values of the solution do not 
give such satisfactory agreement, although the 
results fit into the same general pattern. In acid 
solution, reduction of 1 mole of Fe,O would be 
expected on the basis of reaction 6 to result in the 
consumption of 2 moles of H*. The average experi- 
mental value is 2-5 moles, and the value decreases in 
alkaline solution, as would be expected according 
to reaction 7. 

The pH variation of the equilibrium constant, 
K.y;, for the reaction between MetMb and K,IrCl, 
provides more reliable evidence for the participation 
of 2 moles of H* in the oxidation reaction. Contri- 
butions to the pH variation of equilibrium constants 
for the reactions of myoglobin derivatives arising 
from the ionization of a haem-linked group, are 
clearly present in the myoylobin-oxygen reaction, 
Mb +0, =MbO, and in the cell reaction, 

MetMb+ $H, =Mb+ Ht 


(Theorell, 1934; Taylor & Morgan, 1942). Calcula- 
tions from the data for these reactions, and from 
more recent data on the formation of the fluoride 
and cyanide complexes of MetMb, show the group 
to have a pK of about 6-1 in MetMb (Theorell 
& Ehrenberg, 1951; George & Hanania, 19545). 
Using this value in the appropriate equation for the 
variation of K,, with hydrogen-ion concentration, 
good linearity is obtained, as shown in Fig. 1, on the 
basis that the oxidation liberates 2 moles of H*/mole 
MetMb oxidized, and the corresponding pK value 
for the linked group in the higher oxidation state is 
found to be 7-5. This value may be compared with 
that of 7-0 for the cyanide complex (George & 
Hanania, unpublished results), which also has a 
covalent structure. Corresponding plots on the 
basis that the oxidation liberates 1 or 3 moles of 
H*/mole do not give good straight lines, so the 
results do not permit these alternatives with 
alternative values for the pK of the linked group in 
the higher oxidation state. This rules out the con- 
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jugate acid form of the ferryl ion, Fe,*OH, as a 
possible structure for the higher oxidation state, for 
it would require the liberation of 1 mole of H*/mole 
in the oxidation reaction, i.e. 


Fe,*H,0 + IrCl,?- =Fe,*OH + IrCl,- + H*. 


Thus, while there is no exact correlation in the 
case of the pH measurements, the results as a whole 
are entirely consistent with the ferryl ion structure. 
However, it is only the simplest structure that will 
account for the results. They can be explained 
equally well on the basis of a radical structure, but 
this requires the additional assumption that there 
is yet another ionizing group in myoglobin which 
participates in the reactions in a certain way. To 
illustrate this, acidic MetMb will be represented 
by the symbol HC—Fe,*(H,O), and the radical 
structure by “C—Fe,*(H,O). Oxidation by per- 
oxide can then be represented by reaction 8. 


HC—Fe,*(H,0) +H,0, > 
‘C—Fe,*(H,O)+HO+H,0. (8) 


No liberation of H* occurs in this reaction which is 
otherwise analogous to reaction 4. But if there is 
an ionization of a group, say H*Z, in the radical 
structure, whose pK is such that it is necessarily in 
its conjugate base form in the higher oxidation 
state, but in its conjugate acid form in MetMb (over 
the pH range of the present experiments), then the 
formation of the radical structure by peroxide 
would proceed according to reaction 9, 
HC 
Fe, *(H,0) +H,0, > 
H*Z ‘C 


Fey *(H,0) +HO+H,0+H*. (9) 


nr 


1 mole of H* is now liberated/mole of MetMb 
oxidized, exactly as in reaction 4 for the ferryl ion 
structure. The structure for the higher oxidation 
state in reaction 9 can be seen to be an isomer of the 
ferryl ion structure, and any other isomer would 
likewise fit the results with regard to hydrogen ion. 

However, we could find no spectroscopic evidence 
over the pH range 5~7 for the presence of an ioniza- 
tion associated with the higher oxidation state 
which these isomeric structures appear to necessi- 
tate. In more acidic solutions the rapid reduction 
back to MetMb, which occurs spontaneously, made 
it impossible to tell whether there is such a group 
with pK <5. But, although it is possible that an 
ionization of this kind could occur without any 
detectable change in spectrum (as in the case with 
certain haem-linked ionizations; George & Hanania, 
1952, 1953), there are two lines of evidence which 
positively favour the ferryl ion structure. First, 
kinetic measurements, which will be presented in 
a later publication, indicate that the site of oxidation 
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is the iron atom; and secondly, the fact that the 
higher oxidation state does not apparently form its 
own series of complexes, although such complexes 
would have been expected to exist had the iron 
atom still been in the ferric oxidation state. 

Additional support for the ferryl ion structure 
is provided by the variation of K,,, with ionic 
strength. As shown in Fig. 3, the slope of log K,,,. 
plotted against ,/I is + 2-0, which is in agreement 
with a change in charge from + 1 on MetMb to zero 
on the higher oxidation state, like that obtained for 
the formation of metmyoglobin—fluoride (George & 
Hanania, 19545), viz. 


Fe,*(H,O)+F” =Fe,F + H,O 


Fe,* (HO) + IrCl,?- =Fe,O + IrCl,3- + 2H* 
charge, +1 zero 
charge 


There is, however, one special case of the radical 
structure in reaction 9 which would lead to this 
same result, namely identifying the group H*Z 
with the iron atom and its co-ordinated water 
molecule, i.e. 


HC—Fe,*(H,O) +H,0, > 
charge, +1 
‘C—Fe,0OH+HO+H,0+H* (10) 
zero charge 


Furthermore, the inability of the higher oxidation 
state to form its own complexes could be attributed 
to the OH group in this structure being strongly 
bound. On the other hand, this structure is not in 
accord with the kinetic evidence showing that the 
site of oxidation is the iron atom itself. And another 
reason for preferring the ferryl ion structure, 
although it is purely qualitative, is that many free 
radicals readily combine with molecular oxygen 
resulting in irreversible oxidation with the forma- 
tion of carbonyl and hydroxy] groups, and often, in 
addition, in degradation of the molecule through 
simple bond breaking or ring fission (George & 
Walsh, 1946). The observation that the higher 
oxidation state of MetMb is unaffected by oxygen 
(George & Irvine, 1954a, c), argues for a structure of 
a fundamentally different kind, and the oxidation 
states containing bonded O-atoms, familiar in 
inorganic chemistry in the ions VO?+, UO,?+, 
MnO, , etc., fulfil this requirement. Thus, although 
the ferryl ion structure does not provide a unique 
explanation for the results, it may be accepted and 
the higher oxidation state accordingly named 
‘ferrylmyoglobin’, until there is good reason to 
prefer one of the isomeric structures. 

From the pK values for the linked ionizing group 
in metmyoglobin and ferrylmyoglobin, together 
with K,,, and E, for the IrCl,?—/IrCl,?- couple, the 
pH variation of the oxidation—reduction potential 
for the Fe,O/Fe,*(H,O) couple can now be calcu- 
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lated. The results are plotted in Fig. 4. This curve is 
somewhat different from that published previously 
(George & Irvine, 1954a) for the following reasons: 
first, in constructing the previous curve, E, at 
pH 6-82 was calculated using the value Z,=1-017v 
obtained by Dwyer, McKenzie & Nyholm (1944) for 
the IrCl,?-/IrCl,?- couple. We have recently re- 
determined it and found the value of 0-898v at 
I=0-04 and T = 20° to be a better one; secondly, the 
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Fig. 4. Calculated variation of Hj with pH, at 20-4° and 
I =0-042, for the couple involving the higher oxidation 
stage of metmyoglobin. a, Point of inflexion due to 
haem-linked ionizations; b, the line changes slope due 
to the ionization of the iron-bound water molecule in 
metmyoglobin, Fe,*(H,0) = Fe,OH + H*. 





contribution made by the ionization of the haem- 
linked group over the pH range 6-5-8-0 has now 
been taken into account; thirdly, the method used 
previously for fixing the portion of the curve above 
pH 8-0 by means of pH thresholds of oxidation of 
MetMb or reduction of the higher state was not 
precise, since it did not allow for the relative con- 
centrations of the reactants. In Fig. 4, between 
pH 8-0 and 9-0, EH; varies according to 2H* in the 
standard equation for the couple, and at pH 9-0, the 
pK of MetMb, there is a change in slope of the curve 
corresponding to the change from 2H* to 1H* in the 
equation, 
Fe,0 + 2H*+e =Fe,*(H,O), i.e. acidic MetMb; 
Fe,0+H* +e =Fe,OH, i.e. alkaline MetMb. 


The portion of the curve above pH 9-0 is not 
quite so reliable, because it is not possible to 
assess EH; accurately in this region since the pK of 
MetMb rises slightly as the pH is increased beyond 
9-6 (George & Hanania, unpublished results). 
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The measurement of the variation of K,, with 
temperature for the reaction of MetMb with 
K,IrCl, leads to a value of (10-0 + 2-0) kcal./g.mol. 
for AH°. From the values of K, at 20-4 and 28°, 
and from the variation of K,,, with ionic strength, 
K, is estimated to be 2-88 x 10-™ at 25° and zero 
ionic strength. Using the equations 

AG°=-RTInK and AG°=AH°-—TAS*, 


AS° for the reaction is found to be —30e.u. From 
this value we can calculate the difference between 
the standard partial molal entropies, S° (i.e. 
standard entropies in solution), of ferrylmyoglobin 
and metmyoglobin and compare it with the corre- 
sponding differences between the partial molal 
entropies of metmyoglobin complexes and metmyo- 
globin, and similar data for ferric ion complexes. 
For this purpose, the reaction between MetMb and 
K,IrCl, must be written out in full, in the form, 


Fe,* + H,O + IrCl,?- =Fe,0 + IrCl,?- + 2H*, 
and the entropy change of — 30 e.u. is seen to be 


made up as follows 


—30= S° repo a Srrc1s— ad eS iy 

+ 2599+ — BS? p,+ —S°x,0 — Srey 
From the variation of Z, with temperature for the 
cell reaction 


IrCl,2- + }H, =IrCl,- + H* 
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(Latimer, 1952). This suggests that desolvation 
effects predominate in the formation of these 
inorganic complexes and that there are compen- 
sating changes within the configuration of the various 
complexes so that the S° values are approximately 
the same in spite of their different structures, e.g. 
FeOH?+, FeF?+, FeCNS?+, ete. In the case of the 
metmyoglobin complexes the differences between 
the S° values are again approximately constant but 
the values are much smaller which suggests that 
desolvation is a far less important factor. In charge 
type ferrylmyoglobin is identical with the hydroxyl, 
fluoride and cyanide complexes, and its magnetic 
susceptibility indicates covalent bond formation as 
in the cyanide complex (Theorell & Ehrenberg, 
1952). The difference in S° of +6-7 e.u., evaluated 
on the assumption that the higher oxidation state 
has the ferry] ion structure, is very close to the value 
of +4-2 e.u. for the cyanide complex, and not very 
different from the values for the fluoride and 
hydroxyl complexes in which the bonding is 
predominantly ionic. 

Although this agreement may be fortuitous, it 
can be concluded on the basis of the thermodynamic 
data at present available that the magnitude of the 
difference between the partial molal entropies of 
metmyoglobin and its higher oxidation state is 
quite consistent with the higher oxidation state 
possessing the ferryl ion structure. 


Table 6. Standard entropies of myoglobin and ferric ion complexes 


Myoglobin 
S°p-p0 —S°pept = + 6-7 e.u. 
Go Go Sa oo 
8 FepCN -s Fep* = +4-2 eu. 
Yo io ar KR. 
S° repo ~S°rept = — 51 e.u. 


lo io A 
S repr ~S Fept = —0°5 e.u. 


we have found S°j.q,:-—S°iq,:- to be —20e.u., 
and so since S°,+ is by convention zero, and S°y,9 
is 16-7 e.u. (Latimer, 1952), it follows that 


S°rep0 — Srey + = + 6-7 eu. 
Corresponding values for the hydroxyl, fluoride and 
cyanide complexes of metmyoglobin are listed in 
Table 6, together with values forseveral complexes of 
the ferric ion (George & Hanania, 1952 and unpub- 
lished results; Betts & Dainton, 1953; Uri, 1952). 

For the inorganic complexes the differences in S° 
values are large and positive, which is in accord with 
expectation since the more highly charged ion has 
the water molecules of solvation more tightly 
bound around it. These differences are in fact 
approximately the same as the difference between 
S° for ferrous and ferric ion, i.e. 


—27-1-(— 70-1) = +43-0 e.u. 


Ferric ion 
S°peon*+ —§°,,2+ = +475 e.u. 
S°vep?+ —S°p a+ = +46-7 e.u. 
Spentt —S°pe+ = + 48-2 e.u. 
So reptt —S°pt+ = +42:3 e.u. 
S°reons?+ —S°pest+ = +44 €.u. 
SUMMARY 


1. In unbuffered solutions, measurements have 
been made of the pH changes which accompany the 
formation and the reduction of the higher oxidation 
state of metmyoglobin. For each mole of MetMb 
oxidized by H,O, in the pH region 7-5 to 9-0, 
between 0-5 and 1-0 mole of H* is produced. In the 
formation of the higher oxidation state by K,IrCl, 
about 2 moles of H* are produced in acid solution, 
and about 1 mole in alkaline/mole of MetMb. The 
reduction of the higher oxidation state by K,Fe(CN), 
yields slightly more than 2 but less than 3 moles of 
ne. 

2. The equilibrium constant (K,,,) for the 
reaction between MetMb and K,IrCl, has been 
measured under various conditions of pH, temper- 
ature and ionic strength. It was noted that in the 
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more acidic solutions, with pH <7-0, a few seconds 
elapsed before equilibrium was attained. Taking 
into account the ionization of the haem-linked 
group on MetMb and the higher oxidation state, 
the variation of K,,, with pH is shown to confirm 
the conclusion that 2 moles of H* are liberated/mole 
of acidic MetMb. Using 6-1 for the pK of the group 
in MetMb as established in other studies, the results 
give a pK of 7-5 for the group in the higher oxidation 
state at 20° and J=0-04. 

3. The variation of K,,, with temperature gives 
AH°= 10-0 + 2-0 keal./g.mol.: if the ionization of 
the haem-linked group is allowed for, the value 
9-0 + 1-0 keal./g.mol. is obtained. 

4. The dependence of K,,,, on ionic strength is in 
accord with a change in charge from +1 on MetMb 
to zero on the higher oxidation state. 

5. The results are shown to favour the ferryl ion 
structure, or an isomer of this structure, for the 
higher oxidation state. The isomeric structures 
would, in general, require the presence of another 
ionizing group in myoglobin, but no evidence for 
such an ionization could be found. With other 
direct evidence favouring the ferryl ion structure 
this is to be preferred, and the higher oxidation 
state may provisionally be named ferrylmyoglobin. 


We gratefully acknowledge grants from the Department 
of Scientific and Industrial Research, and the Medical 
Research Council, held by one of us (D.H.I.) during the 
course of this investigation. 
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Tissue Fractionation Studies 
6. INTRACELLULAR DISTRIBUTION PATTERNS OF ENZYMES IN RAT-LIVER TISSUE* 
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The finding that the acid phosphatase of rat liver is 
enclosed within a special type of cytoplasmic 
granules, with sedimentation properties inter- 
mediate between those of mitochondria and micro- 
somes, has led to the development of a new scheme 
of fractionation, whereby enzymes attached to 
these granules can be readily identified (Appelmans, 
Wattiaux & Duve, 1955). This scheme has been 
applied in the present work to the study of the 
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following enzymes, previously shown to resemble 
acid phosphatase in being unequally distributed 
between mitochondria and microsomes: DPNH- 
cytochrome ¢ reductase (Hogeboom, 1949; Hoge- 
boom & Schneider, 1950a; Strittmatter & Ball, 
1954), TPNH-cytochrome c reductase (Hoge- 
boom & Schneider, 19506), 8-glucuronidase (Walker, 
1952), cathepsin (Maver & Greco, 1951), ribo- 
nuclease (Schneider & Hogeboom, 19526; Pirotte & 
Desreux, 1952), deoxyribonuclease (Schneider & 
Hogeboom, 19526; Kuff & Schneider, 1954), 
uricase (Schein, Podber & Novikoff, 1951; Schneider 
& Hogeboom, 1952a; Novikoff, Podber, Ryan & 
Noe, 1953; Kuff & Schneider, 1954) and fumarase 
(Kuff, 1954). In addition, the distributions of 
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rhodanese (Ludewig & Chanutin, 1950) and of 
succinate—cytochrome ec reductase (Strittmatter & 
Ball, 1954), which appear to follow that of cyto- 
chrome oxidase, have also been re-investigated. 
Most experiments include measurements of cyto- 
chrome oxidase, acid phosphatase and glucose-6- 
phosphatase, each of which is known from earlier 
investigations to be associated essentially with one 
of the three groups of cytoplasmic particles so far 
identified in rat liver (Applemans e¢ al. 1955). 
Following the principle set forth in a recent review 
(Duve & Berthet, 1954),.the distribution of these 
enzymes has been used as a reference framework 
serving for the interpretation of the data obtained 
on other enzymes. Some of the results described 
here have already been reported in preliminary 
form (Duve, Gianetto, Appelmans & Wattiaux, 
1953; Pressman & Duve, 1954). — Prat 





EXPERIMENTAL 

Tissue fractionations 
The experiments were performed on the livers of adult 
albino rats raised on a standard diet. In most cases, the 
animals were fasted for 12 hr. before death. The suspension 
medium was 0-25m sucrose, usually containing 0-001mM 
disodium ethylenediaminetetraacetate (Versene). This 
compound exerts a protective action on glucose-6-phos- 
phatase (Beaufay, Hers, Berthet & Duve, 1954), perhaps 
also on other enzymes (Slater & Cleland, 1953), and seems 
to have no undesirable effects. 

The animals were killed by a blow on the head and bled, 
the liver quickly taken out and immersed in a tared beaker 
containing ice-cold medium. After weighing and allowing 
a few min. for chilling, the tissue was cut into a few pieces 
and dispersed with approximately 3 vol. of medium in a 
homogenizer of the Potter & Elvehjem (1936) type, con- 
sisting of a smooth-walled glass tube fitted with a Teflon 
pestle (Manufactured by Arthur H. Thomas Co, Phila- 
delphia). The tube, kept in cracked ice, was given a single 
run upward against the rapidly rotating pestle (1300 rev./ 
min.), until all the material had been forced above the 
latter. The resulting slurry was centrifuged in the cold by 
10 000 g-min. (Sin, =90 000 S).* The sediment, which still 
contained a large number of unbroken cells in addition to 
the nuclei, was rehomogenized in about the same quantity 
of medium and centrifuged by 6000 g-min. (S,,;,, = 1500058). 
After repeating this operation a second time the nuclear 
sediment, then almost free of intact cells or gross debris, 
was redispersed by means of the homogenizer and made up 
to a final volume usually equal to 4 times the weight of 
tissue processed, yielding the 1:4 nuclear fraction. The 
supernatants were combined and made up to volume, to 
form the 1:10 cytoplasmic extract. The sum of the values 
obtained separately on the nuclei and cytoplasmic extract 
was taken as representative of the whole tissue, since 
mixtures of these two fractions usually undergo extensive 
agglutination and sometimes yield erratic results. 








* The nomenclature used for this description has been 
explained and justified in previous publications (Duve & 
Berthet, 1953; Appelmans e¢ al. 1955). 
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The cytoplasmic extract was further fractionated 
according to the scheme outlined by Appelmans e al. 
(1955), using the Spinco model L preparative ultracentri- 
fuge, with rotor no. 40 (R,,,, =8-1 em., Ry, =4:8 cm.). 
Three particulate fractions, two mitochondrial and one 
microsomal, were successively isolated by integrated 
forces of 33 000 g-min. (Sj, =17 300 S), 250 000 g-min. 
(Sin, = 2300 8S) and 3000000g-min. (S,;,,=190 8) re- 
spectively. As a rule, the sediments were first separated 
by spinning down 30 or 40 ml. of fluid, collected in a single 
tube and given two washings in a volume of 10 ml. This 
was done in order to reduce the dilution of the final super- 
natant and the time taken for the whole procedure. In 
each case, the washings were combined with the first 
supernatant, made up to a known volume and processed 
for the isolation of the next fraction. The washed granules 
were finally taken up in small volumes, so as to make the 
final dilution (expressed in g. original wet tissue/ml.) 
approximately 1:2 for the mitochondrial fractions and 
1:4 for the microsomes. Tared tubes were used and the 
volumes calculated by dividing the weight of the fraction 
by 1-05, the estimated density of such suspensions in 
0-25m sucrose at 0°. The dilution of the final supernatant 
ranged between 1:30 and 1:40. 

As described before (Appelmans eé al. 1955), a special 
pipette operated by a rubber bulb was used for sucking off 
supernatants and a micro-homogenizer for resuspending 
the sediments. The complete fractionation took about 6 hr. 
to perform. Throughout this time, care was taken to avcid 
losses and to keep the material as near 0° as possible. 

The separation of the two mitochondrial fractions 
represents the most delicate step in this type of fraction- 
ation. The heavy mitochondrial sediment consists of a 
reasonably well-packed bottom layer of a homogeneous 
light brown colour, covered by a certain amount of loose 
material. In separating the supernatant fluid, as much of 
the upper layer was removed as could be done without 
disturbing the bottom sediment. The same method was 
followed after each washing and the final sediment showed 
only traces of a second layer. The light mitochondrial 
sediment isolated from the combined supernatants occurs in 
the form of a small dark-brown pellet, capped by the pink 
‘fluffy layer’. Most of the latter was removed together 
with the supernatant fluid and washings, to be finally 
recovered with the microsomal fraction. Excessive 
thoroughness in this step sometimes led to the removal of 
traces of brown material, which could then be detected as 
a dark spot at the bottom of the red jelly-like microsomal 
pellet. 


Enzyme assays 


Hydrolytic enzymes. Acid phosphatase, B-glucuronidase 
and cathepsin were measured as described previously 
(Gianetto & Duve, 1955), except that the assays were run 
at pH 5 for B-glucuronidase and 3-6 for cathepsin. Deoxy- 
ribonuclease was measured at 37° in a total volume of 2 ml, 
containing 3 mg. purified nucleate and 0-1M sodium acetate 
buffer pH 5. The reaction was stopped by adding 2 ml. of 
ice-cold 10 % (w/v) perchloric acid. The mixture was centri- 
fuged after standing 10 min. in the cold and the extinction 
of the supernatant read at 260 my. in the Beckman Model 
DU spectrophotometer. Ribonuclease was assayed in a 
similar manner, except that 0-25% (w/v) uranyl acetate 
was added to the perchloric acid used for stopping the 
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reaction and that the mixture was left for 1 hr. in the cold 
before centrifuging. 

In each of the above cases, total activities were estimated 
after the enzymes had been completely released by diluting 
the preparations with distilled water, and subsequently 
exposing them for 3 min. to the action of a cooled Waring 
Blendor or for 3 hr. at 37° and pH 5. The latter procedure 
was preferred after it was found that the Blendor treatment 
occasionally causes some denaturation of the enzymes, 
_especially of deoxyribonuclease. In one case, the release of 
8-glucuronidase was assured by running the assays in the 
presence of 0-1 % (v/v) Triton X-100 (Walker, 1952). When 
free activities were also measured, the assays were run with 
fresh preparations incubated for 10 min. in the presence of 
a substrate mixture containing 0-25m sucrose (Gianetto 
& Duve, 1955). This sugar had no effect on the enzymic 
activities themselves, except with §-glucuronidase, which 
is inhibited to the extent of 25-30% by 0-25mM sucrose. 
To make the free and total activities comparable, 
0-25m sucrose was also present in the assays of total 
B-glucuronidase. 

Glucose-6-phosphatase, which required no preliminary 
activation, was assayed at 37° in a total volume of 1 ml. 
containing 0-04 glucose 6-phosphate, 0-007 M histidine and 
0-001 m ethylenediaminetetraacetate, pH 6-5. The reaction 
was stopped by the addition of 10% (w/v) trichloroacetic 
acid and inorganic P determined on the filtrates. 

Appropriate blanks were determined in all these assays 
and subtracted from the observed values. The validity of 
the methods was verified in control experiments, which 
showed that the measured activities were proportional to 
both enzyme concentration and time. 

Cytochrome c-linked enzymes. Cytochrome oxidase was 
assayed by the spectrophotometric method of Cooperstein 
& Lazarow (1951) in the manner described previously 
(Appelmans et al. 1955). 

The DPNH- and TPNH-specific cytochrome c reductase 
activities were measured according to Hogeboom (1949) 
and Hogeboom & Schneider (1950a, 6), using the Beckman 
model DU spectrophotometer and cuvettes of 1 em. light 
path. The final incubation mixture contained 0-033m 
potassium phosphate buffer pH 7-4, 0-027M nicotinamide, 
2 x 10-*m sodium cyanide, 4 x 10-5 oxidized cytochrome ¢ 
and 7-5x10-5m reduced pyridine nucleotide, in a total 
volume of 3 ml. The change in optical density at 550 mp. 
was followed at 15 sec. intervals, the incubation being per- 
formed at room temperature. Duplicate measurements 
were usually made, sometimes at two different levels of 
enzyme. The reaction rate was reasonably constant in time 
and proportional to the amount of enzyme added. 

Optimum activities were obtained if the cell fractions 
were first preincubated 30 min. at 0° after dilution in water 
or 0:001m Versene pH 7-4, and then 2-3 min. at room 
temperature in the cuvette in the presence of all the com- 
ponents except the reduced nucleotide. The latter was 
added in a volume of 0-1 ml. to start the reaction. The rate 
at which the preparation reduced cytochrome c in the 
absence of added nucleotide (endogenous activity) could be 
measured during the last phase of the pre-incubation. It 
was generally negligible, except with some preparations of 
low activity, usually final supernatants. No correction was 
made for it even in such cases, since it could not be ascer- 
tained to what extent pyridine nucleotides were actually 
involved in the endogenous activity. 

The succinate cytochrome ¢ reductase activity was 


assayed in a similar manner, in the presence of 0-033M 
sodium succinate as electron donor. 

Other enzymes. Rhodanese was estimated by the 
technique of Cosby & Sumner (1945), as modified by 
Rosenthal, Rogers, Vars & Ferguson (1950). The enzyme 
was incubated during 2 min. at 20° in a mixture containing 
0-066m potassium phosphate buffer pH 7-4, 0-05m sodium 
thiosulphate and 0-05m potassium cyanide. The reaction 
was stopped by the addition of an equal volume of 10% 
(w/v) trichloroacetic acid containing 0-15% (w/v) formal- 
dehyde. Thiocyanate was estimated colorimetrically on the 
filtrates as the ferric complex. The blanks were run as 
recommended by Rosenthal ef al. (1950). Activities 
measured by this method were found to fall off somewhat 
with increasing enzyme concentration but comparable 
values could be obtained by running the assays at appro- 
priate levels of enzyme. 

Optical tests were used for the assay of fumarase and 
uricase. It was found advisable to dilute the preparations 
with 0-005m phosphate buffer pH 7-4 a few min. before the 
assay, in order to obtain maximal initial rates. The reactions 
were run at room temperature in cells of 1 cm. light path 
and followed in the Beckman model DU spectrophotometer. 
Fumarase was measured according to Racker (1950a). The 
reaction was started by mixing 2 ml. of dilute enzyme with 
1 ml. of 0-15m sodium L-malate in 0-15m potassium phos- 
phate buffer pH 7-4. The increase in optical density at 
240 mp. was followed against a blank containing all 
the components except L-malate. The assay of uricase was 
performed in a similar manner, by measuring the decrease 
in optical density at. 290 my., after adding 2 ml. of dilute 
enzyme to 1 ml. of a substrate mixture, prepared according 
to Schneider & Hogeboom (1952a) and containing 
3-75 x 10-4 sodium urate and 0-03m potassium phosphate 
buffer pH 7-4. The rates measured in this manner were 
constant in time and proportional to the amount of 
enzyme added. 


Materials 


Among the substrates used for the enzyme assays, B- 
glycerophosphate (British Drug Houses Ltd.), t-malate 
(Eastman-Kodak) and uric acid (Hofmann-La Roche) were 
commercial samples. The preparations of phenolphthalein 
glucuronide and haemoglobin have been described before 
(Gianetto & Duve, 1955). Commercial ribonucleic acid 
(L. Light and Co.) was purified according to Kunitz (1941), 
dissolved in dilute NaOH and dialysed exhaustively in the 
cold against 0-1m acetate buffer pH 5. Deoxyribonucleic 
acid was isolated from calf thymus by the procedure of 
Hammarsten (1930) and also dialyzed against 0-1m acetate 
buffer pH 5. Glucose 6-phosphate was prepared by an 
enzymic method (Hers, Beaufay & Duve, 1953) and iso- 
lated as the crystalline barium salt heptahydrate. Cyto- 
chrome ¢ was extracted from horse or ox heart according 
to Keilin & Hartree (1945) or purchased commercially 
(Sigma Chemical Corp.). DPN, either prepared by the 
method of LePage & Mueller (1949) or obtained commerci- 
ally (Schwartz), was subjected to the chromatographic 
purification procedure of Neilands & Akeson (1951). The 
purified products, as assayed with alcohol dehydrogenase, 
were respectively 88 and 75% pure, without correcting for 
moisture. TPN was prepared according to LePage & 
Mueller (1949) and further purified chromatographica'ly by 
the method of Kornberg & Horecker (1953); it was free of 
DPN and approximately 90% pure. 
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Reduction of DPN was performed by dissolving 50 mg. of 
nucleotide in 5 ml. water, adjusting to pH 9-5 with NaOH 
and then adding 0-1 ml. ethanol and a suitable quantity of 
alcohol dehydrogenase, as prepared according to Racker 
(19506). The reaction was followed with the aid of a glass 
electrode pH-meter, adding more alkali as needed to main- 
tain the pH at 9-5. After 5min., when the reaction 
appeared to have stopped, another 0-1 ml. of ethanol was 
added and the mixture concentrated in vacuo, to remove 
acetaldehyde. After dilution to the original volume, the 
whole process was repeated. After the second distillation, 
the residue was taken up in about 10 ml. water at pH 8-5, 
quickly heated to 95° and cooled. The denatured enzyme 
was precipitated by adjusting the pH to 5-5, and the solu- 
tion filtered and brought to a volume of 25 ml. The product 
was stored frozen at pH 8 and appeared stable for several 
months. 

A crude preparation of isocitric dehydrogenase was used 
to reduce TPN. The enzyme was extracted from an acetone 
powder of pig heart and subjected to a single purification 
step by (NH,),SO, precipitation, according to Grafflin & 
Ochoa (1950). A sample of mixed barium isocitrate (70%) 
and citrate (30%), extracted from Bryophyllum calycinum, 
was converted into the free acids by treatment with Amber- 
lite TR-120, and neutralized with NaOH. A quantity of the 
resulting solution equivalent to 100 moles of d-isocitrate 
was allowed to react at pH 8 with 54 mg. of TPN ina vol. of 
7 ml. containing 7-6 x 10-*m-MnSO, and a suitable quantity 
of isocitric dehydrogenase. The reaction was followed by 
means of the pH meter and the pH maintained at 8 by the 
addition of alkali. After 1 hr., the mixture was heated to 
95°, cooled, acidified to pH 5-5 and filtered. A faint opal- 
escence persisted which could not be removed but did not 
appear to interfere with the assay. The solution was then 
adjusted to pH 7-5 and brought to 25 ml. This preparation, 
which was also kept frozen, tended to reoxidize very 
slowly on prolonged storage, possibly owing to the catalytic 
effect of Mn*+. The isovitrate used for this preparation was 
a gift from Dr B. L. Horecker. 

Dr F. Strong kindly donated the sample of crystalline 
antimycin A used in some experiments. 


Units and presentation of results 


To simplify the construction of tables, the following 
symbols will be used to designate the isolated fractions: 
E=cytoplasmic extract; N=nuclear fraction; M=heavy 
mitochondrial fraction; L=light mitochondrial fraction; 
P=microsomal fraction; S =final supernatant. 

Results of enzyme distribution studies will be expressed 
in units/g. of original tissue and in per cent of the sum of the 
activities found in the cytoplasmic extract and in the 
nuclear fraction. 

Except for cytochrome oxidase, one unit of activity 
refers to the decomposition of 1 umole of substrate/min. 
under the conditions of the assay. The molarity of the 
products of cathepsin action was expressed conventionally 
in terms of tyrosine equivalents of the colour developed 
with the Folin & Ciocalteu reagent; that of the breakdown 
products of nucleic acids in terms of liberated mono- 
nucleotides, assuming an average extinction coefficient at 
260 my. of 8-5 x 10°cm.? mole (Stimson & Reuter, 1945). 
The other optical constants used were 1-96 x 10? cm.? 
mole! for the change in optical density at 550 mp. 
accompanying the reduction of cytochrome c (Horecker & 
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Heppel, 1949), 1-22 x 10? cm.? mole! for the decrease in 
optical density at 290 my. related to the oxidation of uric 
acid (Kalckar, 1947) and 2-11 x 10®cm.? mole for the 
increase in optical density at 240 my. caused by the de- 
hydration of malate (Racker, 19502). 

As explained elsewhere (Cooperstein & Lazarow, 1951; 
Appelmans et al. 1955), one cytochrome oxidase unit is 
defined as the amount of enzyme causing the decadic 
logarithm of the concentration of reduced cytochrome c to 
decrease by one unit/min./100 ml. of incubation mixture. 


RESULTS 
General survey of quantitative data 


Altogether nineteen complete fractionations were 
performed, involving the simultaneous determina- 
tion of between four and eleven different enzymic 
activities. The means and standard deviations of 
the results obtained in these experiments are listed 
in Table 1. 9 

The absolute levels of activity recorded in 
Table 1 resemble those observed by other workers, 
except for uricase and TPNH cytochrome ec re- 
ductase. Our values for these two enzymes are 
4 to 5 times lower than those found by Schneider & 
Hogeboom (1952a) for the uricase of rat and mouse 
liver, and by Hogeboom & Schneider (19506) for 
the TPNH cytochrome c reductase of mouse liver. 
Since similar assay conditions were used, these 
disparities are probably related to differences in the 
species, strain or maintenance conditions of the 
animals. 

The percentage distributions are in close agree- 
ment with those established by means of the 
classical technique, in which the large granules are 
isolated in a single fraction, corresponding roughly 
to the sum of the two mitochondrial fractions 
separated in the new procedure (Appelmans e¢ al. 
1955). There is one discrepancy ; the nuclear content 
of cathepsin amounts to about 30% in the experi- 
ments of Maver & Greco (1951), and to only a few 
per cent here. However, these authors themselves 
attribute their finding to a heavy contamination of 
the nuclear fraction by large cytoplasmic granules, 
an interpretation which appears to be supported by 
the present data. 

In most cases, the recoveries range between 90 
and 110%. The good recoveries of nitrogen and of 
more robust enzymes such as acid phosphatase 
show that no gross errors are introduced by the 
fractionation procedure itself. Consequently, where 
discrepancies occur, they must be attributed 
either to changes undergone by the enzymic 
systems or to artifacts associated with the assays. 
In order to reduce the errors introduced by excessive 
or defective recoveries all the results were recalcu- 
lated in percentage of the sum of the recovered 
activities before being used for the various analyses 
to be described below. 
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* Uncorrected for inhibition by sucrose (approximately 28%). 


A more illustrative survey of the results recorded 
in Table 1 is provided by the graphs of Fig. 1, which 
have been constructed for each group of experi- 
ments by plotting the mean relative specific activity 
of the fractions against their mean relative nitrogen 
content. The area of each block is thus proportional 
to the percentage of activity recovered in the 
corresponding fraction, and its height to the degree 
of purification achieved over the homogenate. The 
usefulness of the new fractionation procedure is 
borne out by the great variety of distribution 
patterns many of which would hardly be distin- 
guished by the classical technique. 

Patterns I, II and III characterize the three 
reference enzymes, which have been shown in a 
previous investigation (Appelmans e¢ al. 1955) to be 
associated with distinct groups of cytoplasmic 
granules: cytochrome oxidase with mitochondria, 
glucose-6-phosphatase with microsomes, and acid 
phosphatase with a special group of granules, 
comparable in size to small mitochondria and 
possessing the sac-like structure and osmotic 
properties described in the earlier publications of 
this series. Pattern I is exhibited also by the 
succinate cytochrome c reductase activity and by 
rhodanese, pattern III by ribonuclease, deoxyribo- 
nuclease, cathepsin and, in somewhat modified 
form, B-glucuronidase. Fumarase and the TPNH- 
and DPNH-specific cytochrome c reductase activi- 
ties show complex partitions, apparently combining 
features of patterns I and II. The distribution of 
uricase characterizes a special pattern (IV). 


Detailed analysis of results 


Succinate cytochrome c reductase and rhodanese. 
According to the results averaged in Fig. 1, both 
activities have distributions very similar to that of 
cytochrome oxidase, suggesting that they have the 
same intracellular location as this enzyme and are 
likewise confined exclusively to the mitochondria. 
This conclusion is strengthened by a closer examina- 
tion of the results, which shows that the relative 
content of every individual fraction in succinate 
cytochrome c reductase or rhodanese is equal, within 
experimental errors, to its relative level of cyto- 
chrome oxidase. This correlation is illustrated by 
Fig. 2. 

The observed association between the two com- 
ponents of the succinoxidase system is in agreement 
with the results of Strittmatter & Ball (1954), and 
consistent with the earlier investigations showing 
that this system has the same distribution as cyto- 
chrome oxidase (Schneider & Hogeboom, 1950) and 
can be isolated as an entity by more drastic pro- 
cedures than those used in differential centrifuging 
(Keilin & Hartree, 1947; Ball & Cooper, 1949). It 
should, however, be pointed out that the recovery 
of the reductase system is very defective, averaging 
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Cytochrome oxidase (17) V/A Acid phosphatase (19) 
Pattern | Ly Pattern Ill 


Succinate-cytochrome ¢ Ribonuclease (8) 
reductase (3) 






Rhodanese (3) Deoxyribonuclease (6) 


TPNH-cytochrome c Cathepsin (9) 
reductase (3) 


Fumarase (2) B-Glucuronidase (4) 


DPNH-cytochrome c 
reductase (6) Uricase (5) 


Pattern IV 


Relative specific activity (percentage of total activity/percentage of total nitrogen) 


Glucose-6-phosphatase (9) 


Pattern Il 


Percentage of total nitrogen 


Fig. 1. Distribution patterns of enzymes. Ordinate: mean relative specific activity of fractions. Abscissa: fractions 
are represented by their relative nitrogen content, in the order in which they are isolated, i.e. from left to right: 
N, M, L, P and S (see Table 1). Shaded areas represent bound activities (total minus free activities). For description 
of patterns I-IV see text. Numbers in brackets refer to number of expt. 
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only about 73 % in our experiments. This could be 
accounted for by the observations of Schneider & 
Hogeboom (1950), who demonstrated the presence 
of an activator of the succinoxidase system in a 
cytoplasmic extract from which the mitochondria 
had been removed. 

DPNH- and TPNH-cytochrome c reductases. 
These activities exhibit diffuse distributions, which 
do not coincide with any of the reference patterns 
(Fig. 1). The TPNH-specific activity is largely con- 
centrated in the mitochondrial fractions, with a 
distribution similar to that of cytochrome oxidase, 
but comes down also to a significant extent with 
the microsomes. On the other hand, the DPNH- 
specific activity, although mainly microsomal, 


100 


80 


60 


40 


Percentage rhodanese or 
succinate-cytochrome c reductase 


20 





100 


20 40 60 80 
Percentage cytochrome oxidase 


Fig. 2. Correlation between succinate-cytochrome c re- 
ductase, rhodanese and cytochrome oxidase. Reductase: 
A, N; @ M: gw. L; W, P; x, S. Rhodanese: A, N; 
O, M; 0, L; vy, P; +,8. For explanation of symbols 
N, M, L, P and S see text and Table 1. 
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occurs in the heavier fractions in a proportion too 
high to be explained by mere contamination. Even 
the final supernatants seem to be fairly active, 
especially when TPNH is the electron donor. 
However, as pointed out in the section on tech- 
niques, the assays on the final supernatants were 
complicated by their endogenous activity. The 
latter was of the same magnitude as the change of 
optical density occurring after addition of TPNH, 
so that a considerable error may have been made in 
the estimate of the true TPNH-specific activity. 
With the more active DPNH-specific system this 
error was smaller but not negligible. 

With respect to the more reliable values obtained 
on the four particulate fractions, the question arises 
whether they reflect unimodal or bimodal distribu- 
tions. Supporting the second interpretation are the 
following calculations, testing the assumption that 
the observed distributions are simple combinations 
of patterns I and II. Let a and b be the percentages 
of activity following the distribution of cytochrome 
oxidase and glucose-6-phosphatase respectively, 
R, O and P the percentages of reductase, oxidase 
and phosphatase actually found in a given fraction. 
Then the assumption made is expressed by the 
following equation, which should be applicable to 
each fraction: 

100R=a0 + bP. (1) 


Values for a and b were computed in each experi- 
ment from the data obtained on fractions M and P. 
For these fractions, therefore, the experimental 
values coincide by definition with those calculated 
by means of Eqn. 1. The check is provided by calcu- 
lating values for the other fractions and for the total 
(a+b) and comparing them against the experi- 
mental data. As shown in Table 2, the values of a 
and 6 are reasonably constant from one experiment 
to the other, their sum is equivalent to the total 
percentage of enzyme found in particulate form and 
a good fit obtains in almost every case between the 


Table 2. Bimodal distribution of cytochrome c reductases 


For method of calculation and meaning of symbols, see text. 


Electron Expt 
donor no. a b a+b 
DPNH 1 26-9 72-1 99-0 
2 26-0 68-0 94-0 
3 20-2 79-2 99-4 
4 24-1 68-1 92-2 
5 30-4 70-1 100-5 
6 21-6 75:7 97-3 
Mean 24-9 72-2 97-1 
TPNH 1 68-6 29-7 98-3 
2 63-8 15-6 79-4 
3 71-4 17-8 89-2 
Mean 67-9 21-0 88-9 


% in N % in L % in S 
P ; 
Found Cale. Found Cale. Found Cale, 
5-8 75 9-7 10-8 55 0-7 
13-2 12-0 5:3 6-2 7-5 1-9 
5-9 6-5 11-8 11-7 3-2 2-1 
10-8 5-6 8-2 ° 9-5 6-1 2-2 
56 7-7 6-6 6-5 3-4 2-0 
5-6 7-9 8-5 8-3 6:3 15 
73 7-9 8-4 8-8 53 1-7 
7 21-7 4-2 6-0 17-9 1:3 
11-0 8-2 19-3 22-8 21-7 0-4 
12-1 76 69 - 7-6 7-5 0-5 
10-4 12-5 10-1 12-1 15-7 0:7 
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calculated and the experimental values for fractions 
N and L. The activities found in the final super- 
natant are regularly higher than predicted by the 
hypothesis, a fact which could be explained either 
by the presence of some soluble enzyme, or, as 
pointed out above, by errors in the assays. 

Direct evidence in support of the duality of cyto- 
chrome ¢c reductases is provided by comparison of 
the properties of the mitochondrial and microsomal 
systems. Such experiments were performed on 
carefully washed heavy mitochondrial fractions, 
almost free of microsomes (containing less than 1% 
of the total glucose-6-phosphatase activity) and on 
microsomes, isolated after centrifuging down all the 
large granules by 250 000 g-min., and discarding 
them together with the superimposed fluffy layer. 

The results of Table 3 show that pretreatment of 
mitochondria with distilled water causes a signifi- 
cant enhancement of their apparent cytochrome c 
reductase activities and that the corresponding 
microsomal systems are entirely unaffected by the 
water treatment. It thus appears that the structural 
barrier which restricts the activity of the mito- 
chondrial systems (Lehninger, 1951), is absent in 
the microsomes. 





Table 3. Influence of treatment with distilled water 
on cytochrome c reductase activities 


The fractions were kept for 30 min. at 0° in 0-25 sucrose 
or distilled water, and then assayed. 


Cytochrome c reductase (units/g.) 








M fraction P fraction 
Electron , ‘ + " 
donor Sucrose Water Sucrose Water 
Succinate 1-4 6-9 — — 
DPNH 9-2 15-0 41-2 41-6 
TPNH 0-21 0-54 0-30 


0-29 

Even more significant differences are brought to 
light by the action of antimycin A, an antibiotic 
which has been shown to inhibit the succinoxidase 
system, presumably by blocking Slater’s factor 
(Ahmad, Schneider & Strong, 1950; Potter & Reif, 
1952). Fig. 3 illustrates the results of an experiment 
in which the three cytochrome c reductase activities 
were measured on mitochondria pre-incubated for 
1 hr. in distilled water containing increasing quanti- 
ties of antimycin A. It is seen that the DPNH- and 
TPNH-specific activities measured under these 
conditions were partly dependent on an antimycin 
A-sensitive factor, showing the same titration curve 
as the factor involved in succinoxidase. On the 


other hand, the cytochrome ¢ reductase activities of 
microsomal preparations were found to be entirely 
insensitive to antimycin A, even when this inhibitor 
was added in amounts greatly exceeding those 
which were effective on the mitochondrial systems. 





INTRACELLULAR DISTRIBUTION OF ENZYMES 





611 

These results, which will be elaborated upon in 
a subsequent publication, are in agreement with 
the observation of Potter & Reif (1952) that the 
DPNH-cytochrome c reductase of whole liver dis- 
persions is inhibited only to the extent of 25% or 
less by antimycin A. They are further supported 
by the data of Strittmatter & Ball (1954) and 
Chance & Williams (1954), who have shown that 


100 


@ 
o 


a 
oO 


5 


Percentage activity 


Ny 
oO 





2-0 
pg. antimycin A/g. liver 


0 10 


Fig. 3. Effect of increasing amounts of antimycin A on 
cytochrome ¢ reductase systems. Washed M fraction 
originally 1:4, diluted 40 times with distilled water 
containing antimycin A at the concentration shown on 
the abscissa, and the assays carried out under standard 
conditions. For DPNH- and succinate-cytochrome c¢ 
reductases, 0-1 ml. of enzyme was used per cuvette; for 
TPNH-cytochrome c reductase, 0-8 ml. of enzyme. 
@, Succinate; O, DPNH; x, TPNH. 

the transfer of electrons from DPNH to cyto- 

chrome ¢ is mediated in liver microsomes by cyto- 
chrome 6; or m, a pigment which has been found 
specifically located in these particles (Strittmatter 

& Ball, 1952, 1954). A cytochrome b,;-linked system 

has also been described in Cecropia midgut and 

likewise differentiated from another reductase 
present in flight muscle, by its insensitivity to 

antimycin A (Pappenheimer & Williams, 1954; 

Chance & Pappenheimer, 1954). As shown in the 

present investigation, a similar duality obtains in 

the case of the TPNH-cytochrome c reductase. 

It is concluded from these various results that the 
distribution patterns observed for the two cyto- 
chrome c reductase activities reflect the existence of 
two distinct pairs of systems, located respectively 
in the mitochondria and in the microsomes. 

Fumarase. The distribution of this enzyme 
resembles that of the TPNH-cytochrome ec re- 


39-2 
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ductase, except that a larger proportion of activity 
is found in the final supernatant. As shown in 
Table 4, the results obtained on the four particulate 
fractions are also compatible with a bimodal 
distribution obeying Eqn. 1. The calculated amount 
of mitochondrial enzyme (a) is practically the same 
in the two experiments but the microsomal values 
(b) are very different. It should be pointed out in this 
respect that the microsomes were unwashed in 
Expt. 1 and washed twice in Expt. 2. It seems 
therefore that washing can effectively remove 
fumarase activity from the microsomes. This fact 
suggests that the extra-mitochondrial enzyme, 
which accounts for 60% of the total activity, has 
a single intracellular location and that its unequal 
distribution between the microsomes and the final 
supernatant is the result of an artifact. Either the 
enzyme is truly microsomal but easily washed off 
from these particles, or it belongs to the non- 
particulate fraction of the cell, and is secondarily 
adsorbed on the microsomes. The latter explanation 
is supported by the results of Kuff (1954), who 
showed that mouse-liver fumarase is strongly 
adsorbed by microsomes, but not by mitochondria. 


1955 


activity at pH 5. By applying the methods used 
in the study of the other hydrolases, it was found 
that mitochondrial fractions exhibit low nuclease 
activities in an assay of 10 min. duration performed 
in the presence of 0-25 sucrose, and are activated 
approximately tenfold by treatment in a Waring 
Blendor, exposure to distilled water or to a surface 
active agent (Triton X-100), incubation at pH 5 and 
37° for 3 hr., repeated freezing and thawing, etc. 
Both enzymes were found to be essentially in 
soluble form in such activated preparations. In 
view of these facts, it was decided to repeat on the 
two nucleases the comparative experiments pre- 
viously carried out on the other enzymes (Gianetto 
& Duve, 1955). 

Graded activation of the granules was elicited by 
a variety of procedures, and the release of the 
nuclease and of acid phosphatase was studied 
simultaneously. The techniques were identical with 
those of Gianetto & Duve (1955), except that a 
combined substrate mixture was used, containing 
both nucleate and B-glycerophosphate. The assays 
were run as described in the section on techniques 
for the free nuclease activities and the inorganic P 


Table 4. Bimodal distribution of fumarase 


For method of calculation and meaning of symbols, see text. 








. %inN % in L %inS 
Expt. a a es te ite A 4 
no. a b a+b Found Cale. Found Cale. Found Cale. 
1 41-6 44-3 85-9 6-2 8-3 8-9 9-8 18-1 1-1 
2 38-5 24-3 62-8 9-5 9-3 15-9 13-0 32-5 0-4 
Mean 40-1 34-3 74-4 79 8-8 12-4 11-4 25:3 0-8 


Ribonuclease, deoxyribonuclease, cathepsin and B- 
glucuronidase. In addition to showing distribution 
patterns similar to that of acid phosphatase (Fig. 1), 
these four hydrolases also share the peculiar 
structural properties of this enzyme. This has been 
demonstrated previously for f-glucuronidase and 
cathepsin (Gianetto & Duve, 1955) and has now been 
observed with the two nucleases as well. 

It had already been shown by Schneider & 
Hogeboom (19525) that the ribonuclease and deoxy- 
ribonuclease of the large granules are released in 
soluble form by treatment with sonic vibrations, 
with a concomitant 35-50% increase in their 
overall activity. Pirotte & Desreux (1952) have also 
described the activation of liver ribonuclease, 
following a number of treatments. However, their 
assays were performed at pH7-3 and appeared to 
be complicated by inhibitory effects, which were 
suppressed by exposure of the tissue preparation to 
0-25N-H,SO,. In the present studies, this treatment 
was indeed found to cause a considerable increase 
of the activity at pH 7-3, but to lower somewhat the 


Ex60/ml. 





0 2 4 6 8 10 
Time (min.) 


Fig. 4. Kinetics of free ribonuclease activity. Cytoplasmic 
extract incubated at 30° with substrate and denatured 
at time shown (@); or incubated alone, denatured at time 
shown and then mixed with substrate (O). Ordinates 
give the u.v. absorption of the filtrates, referred to 1 ml. 
of the original mixture, which contained 2-5 mg. ribo- 
nucleic acid and 50 mg. of tissue/ml. 
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liberated by the phosphatase was measured on part 
of the filtrate. A short time of contact between 
substrate and undenatured tissue preparation was 
found to be necessary to obtain a true ribonuclease 
blank. If the preparation was first denatured and 
then mixed with the substrate, the u.v. absorption 
of the filtrate was distinctly lower than the value 
obtained by extrapolation from kinetic studies 
(Fig. 4). Accordingly, free ribonuclease activities 
were measured by subtracting the values obtained 
after incubating for 2 and 10 min. The assays of 
total ribonuclease, which were run with much 
smaller amounts of enzyme, were not significantly 





Percentage ribonuclease 


20 40 60 80 100 
Percentage acid phosphatase 


Fig. 5. Parallel release of ribonuclease and acid phos- 
phatase. Free enzymic activities of granules subjected to 
decreasing sucrose concentrations (@), or to increasing 
amounts of Triton X-100 (A), frozen and thawed an 
increasing number of times (+), exposed to a Waring 
Blendor ( x) or incubated at pH 5 and 37° (O) for in- 
creasing lengths of time. All results are expressed in 

percentage of the highest observed activity. 
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complicated by this artifact. It did not occur in the 
measurements of deoxyribonuclease. 

In Figs. 5 and 6 are plotted the free nuclease 
activities of variously treated mitochondrial pre- 
parations, as a function of the simultaneously 
measured free acid phosphatase activities. These 
results show that ribonuclease and deoxyribo- 
nuclease, like £-glucuronidase and cathepsin, are 
released from the granules in a manner which 
strikingly resembles, both qualitatively and quanti- 
tatively, the mode of liberation of acid phosphatase. 

The significance of these similarities is somewhat 
obscured by the observation that the distribution 





Percentage deoxyribonuclease 
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Percentage acid phosphatase 


Fig. 6. Parallel release of deoxyribonuclease and acid 
phosphatase. Free enzymic activities of granules sub- 
jected to decreasing sucrose concentrations (@), or to 
increasing amounts of Triton X-100 (A), frozen and 
thawed an increasing number of times (+) or incubated 
at pH 5 and 37° for increasing lengths of time (O). All 
results are expressed in percentage of the highest ob- 
served activity. 


Table 5. Relative content of enzymes in isolated fractions 


Differences were computed in each individual experiment and averaged. Means are accompanied by their standard 
error. APase=acid phosphatase; RNase =ribonuclease; DNase =deoxyribonuclease; Cat=cathepsin; B-Gase = 8-glucu- 


ronidase. For other symbols see text and Table 1. 


No. of 
expts. Differences N M L y Ss 
8 % RNase —%APase 3-0+0-38*** 7-241-7** -8-1+43-9 —3-8+1-3* 1-7+1-9 
6 % DNase —- % APase 2-7+0-45** 11-141-9** —11-141-6*** -9-0+1-0*** 6-3+1-2** 
9 % Cat -% APase 0-6+40-3 8-9-+ 1-0*** —2-141-8 —9-9+0-8*** 2-5+2°8 
4 % B-Gase - % APase 1-6+0-57 —2-5+40°8 — 15-942-2** 18-4+1-1*** -—1-6+42-1 
6 % DNase-% RNase -0-2+0-4 1942-1 1-8+3-0 —5-9+42-1* 2-4+0-9* 
8 % Cat -% RNase — 2-3+0-53** 2-442°5 5-244-7 —6-0+1-3** 0-7+3-2 
6 % Cat - % DNase — 2-5+0-53** - 1643-3 8-2+2-9* —0-8+0-9 -3-3144-9 


* Significant at level of P <0-05. 
** Significant at level of P <0-01. 
*** Significant at level of P <0-001. 
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patterns of the five enzymes are only roughly 
parallel and show small but significant differences, 
when analysed individually. As evidenced by the 
results of Table 5, no pair of enzymes shows an 
entirely identical partition amongst the five isolated 
fractions. The closest similarity is found between 
the two nucleases, whereas f-glucuronidase differs 
most markedly, being considerably more concen- 
trated in the microsomes than any of the other 
hydrolases. This point was given special attention. 

The possibility of an artifact was explored in two 
different manners. By running the assays of total 
activity with and without 0-25 sucrose, it could be 
verified that the degree of inhibition by this sugar 
does not vary from one fraction to the other, being 
approximately 28 % in all cases. In another experi- 
ment, the possible involvement of the inhibitor 
described by Walker & Levvy (1953) was investi- 
gated by performing the assays of total activity in 
the presence and absence of 0-075 % (v/v) Triton 
X-100, a non-ionic detergent which has been shown 
by these authors to suppress the observed inhibition. 
Identical values were obtained on all the fractions. 
Inhibitions were only observed on aged prepara- 
tions and on Blendor-treated mitochondrial sus- 
pensions which had been further clarified by high- 
speed centrifuging. Addition of the insoluble 
residue to the soluble fraction, which contained 
most of the activity and about 25% of the total 
nitrogen, caused a marked inhibition which was 
reversed by Triton X-100. The pH/activity curve 
of the enzyme was also greatly modified by the 
inhibitor, which seemed to arise from damaged 
mitochondrial fragments. 

As shown in Table 1, the difference between B- 
glucuronidase and the other hydrolases shows up 
even in the initial extracts, which contain about 
40 % free glucuronidase, whereas the proportion of 
free activity is only 20 % either for acid phosphatase 
(Table 1) or, as was found in other experiments not 
reported in the present paper, for the two nucleases. 
This excess free activity comes down with the 
microsomes, as is clearly shown by the distribution 
pattern (Fig. 1). These facts suggest the existence of 
two distinctly located f-glucuronidases, a possi- 
bility which is supported by the findings of Mills, 
Paul & Smith (1953) and of Smith & Mills (1953). 
The situation with £-glucuronidase would thus be 
analogous to that observed with ‘arylsulphatase’ 
(Dodgson, Spencer & Thomas, 1955) and with ‘acid 
phosphatase’, when measured with phenyl phos- 
phate (Tsuboi, 1952), a substrate which is also 
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acted upon by glucose-6-phosphatase (Beaufay & 
Duve, 1954). Supporting this interpretation are the 
results described in Fig. 7, which show that the 
microsomal activity has a pH/activity curve 
different from that of the soluble enzyme extracted 
from mitochondrial preparations. 

The existence of several glucuronidases has how- 
ever been denied by a number of authors, who have 
put forward the view that the components which 
have been separated are complexes of the same 
enzymic protein with different tissue constituents 
(see Levvy, 1953). Of particular interest are the 
observations of Bernfeld & Fishman (1950) and 
Smith & Mills (1953) showing that purified p- 
glucuronidase is strongly activated by nucleic acids 
and that combination of the enzyme with various 
compounds of high molecular weight may displace 
the pH-optimum above 5. The excess activity 
found in free form in the extracts and in the micro- 
somal fraction may very well be due to phenomena 
of this sort, since microsomes contain the largest 
part of the cell’s ribonucleic acid and the assays are 
run at pH 5. 

At the present time, it is not possible to choose 
between these alternative explanations. Whichever 
one is valid, it is clear that after correction for the 
excess microsomal activity the resulting distribution 
pattern becomes much more similar to that of the 
other hydrolases. 


B-glucuronidase (arbitrary units) 





35 40 45 50 a 


pH 


Fig. 7. Influence of pH on f-glucuronidase activity in 
mitochondria and microsomes. Blendor-treated M +L 
fraction clarified by high-speed centrifuging (O) and P 
fraction (@). Ordinates are arbitrary. 


Table 6. Relative content of uricase and acid phosphatase in isolated fractions 


For details and symbols see Table 5. 


Difference N 
5 % Uricase -% APase 5-8+1-0** 


M L P S 
—10-7+2-6* 72437 4-6+3-2 —6-9+1-9* 
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Uricase. This enzyme is also concentrated in 
fraction L, where its specific activity is particularly 
high, regularly showing an approximately tenfold 
increase over that of the original tissue. It differs 
from acid phosphatase, and even more from the 
related hydrolases, by being less abundant in 
fraction M, more so in fractions L and P (Table 6). 


DISCUSSION 


According to their distribution patterns, the 
enzymes studied can be divided in four groups, 
which are believed to correspond to at least three 
distinct classes of cytoplasmic granules. 

The first group comprises cytochrome oxidase, 
succinate—cytochrome c reductase, rhodanese, 40 % 
of the total fumarase and the two antimycin A- 
sensitive pyridinocoenzyme-—cytochromec reductase 
systems, the latter being responsible for an average 
of 25 % of the total activity specific for DPNH and 
of 68% of that specific for TPNH. All these en- 
zymes have been found to be associated, together 
with a substantial part of the cell nitrogen, with the 
heavier cytoplasmic granules, and may therefore be 
considered as truly mitochondrial. It is thus con- 
firmed by a more specific technique that the mito- 
chondria contain a full complement of catalysts 
necessary for electron transport, in agreement with 
current ideas concerning the role of these bodies in 
cellular oxidations. 

With the present scheme of fractionation, the 
mitochondria are distributed unevenly over four 
different fractions. It is of some significance that 
this subfractionation has not brought to light any 
evidence of enzymic heterogeneity in the granules 
at least as far as the above-mentioned activities are 
concerned. This conclusion is supported directly 
by the correlations observed between cytochrome 
oxidase, succinate-cytochrome c reductase and 
rhodanese (Fig. 2), indirectly by the fact that the 
observed distributions of the other enzymes could 
be expressed in a satisfactory manner by a system of 
equations, based implicitly on the assumption that 
granules of a given population are enzymically 
homogeneous, or at least cannot be separated by 
centrifuging into subgroups differing significantly 
in relative enzymic content. 

In the second group, which comprises the micro- 
somal enzymes, are found glucose-6-phosphatase, 
the antimycin A-insensitive pyridinocoenzyme— 
cytochrome c reductase systems (and cytochrome 
b;, which is probably associated with these systems), 
possibly also part of the fumarase activity as well as 
a special f-glucuronidase, maximally active at 
pH 5-2-5-3 and representing about 20% of the 
total activity. Although equations based on the 
assumption of enzymic homogeneity have been 
shown to be successfully applicable in most of these 
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cases, undue significance should not be attached to 
this fact, since the microsomes are concentrated to 
a large extent in a single fraction and occur as mere 
contaminants in the others. The possible function of 
electron-transferring enzymes in the microsomes 
raises interesting questions, which cannot be 
answered at the present time. 

The third group of enzymes includes acid phos- 
phatase, ribonuclease, deoxyribonuclease, cathepsin 
and 80 %, if not all, of the B-glucuronidase activity. 
As shown in a previous publication (Appelmans e¢ al. 
1955), there are strong grounds for the belief that 
the peculiar distribution of acid phosphatase reflects 
the existence of a distinct class of granules and the 
finding, recorded above, that mitochondria appear 
to be homogeneous with respect to a number of 
enzymes provides additional support for this inter- 
pretation. The fact that the other enzymes in this 
group are dissociated from cytochrome oxidase 
almost as markedly as acid phosphatase, and show 
distribution patterns very similar to that of the 
latter enzyme, justify the provisional conclusion 
that they belong to granules of the same class. For 
practical purposes, it is proposed to refer to these 
granules as lysosomes, thus calling attention to their 
richness in hydrolytic enzymes. 

According to the data reported in this and in a 
previous paper (Gianetto & Duve, 1955), the five 
hydrolases of this group are released in a parallel 
fashion in preparations subjected to graded activa- 
tion by means of a variety of procedures, suggesting 
strongly that lysosomes form a single population of 
enzymically homogeneous granules. The systematic 
differences in distribution which were uncovered 
(Table 5) are not in accord with this interpretation, 
but do not suffice to invalidate it. They are relatively 
small in absolute magnitude and could be due to 
artifacts. It is necessary to point out in this respect 
that the exact distribution pattern of enzymes of 
this type is determined not only by the partition of 
the granules in which they are contained, but also 
by the manner in which the free activities, which 
represent more than one-third of the total activities 
at the end of the fractionation, become redistributed 
amongst the fractions as a result of adsorption and 
other phenomena. Another complication arises 
from the fact that the fairly drastic procedures 
required to release the enzymes before assaying 
may have caused selective denaturation. Finally, in 
addition to the ordinary difficulties attending the 
measurement of enzymes in complex media, one 
must still consider the possible existence of subtler 
interactions or the involvement of more than one 
enzyme species, as was shown in the case of f- 
glucuronidase. All these causes of error are mini- 
mized in the comparative activation experiments, 
which should therefore be regarded as having 
greater diagnostic significance. However, unless the 
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conflicting evidence of the distribution experiments 
can be accounted for, one may not rule out the 
alternative possibilities that lysosomes are either 
moderately heterogeneous in their enzymic content 
or consist of several species. 

The solution of these problems, as of those raised 
by the cytological nature and function of lyso- 
somes, must await the isolation of these granules in 
the pure state. Their enzymic equipment suggests 
that they may be concerned with localized pheno- 
mena of acid intracellular digestion and have little 
to do with the major metabolic processes. They 
could possibly be related to the mitochondria-like 
bodies, which were shown by Horning (1926) to be 
involved in the formation of digestive vacuoles in 
amoeba. There is little doubt that their release and 
breakage is the main factor responsible for the 
autolysis which takes place in tissue dispersions and 
mitochondrial preparations. The beneficial effects of 
a medium made isotonic with sucrose on the preser- 
vation of mitochondrial functions would bear re- 
examining with this fact in mind. 

The distribution observed for uricase suggests 
that this enzyme belongs either to lysosomes or 
to yet another class of granules. Since uricase is 
essentially insoluble and might be expected to 
sediment with the ‘ghosts’ of damaged particles as 
well as with intact granules, it is difficult to distin- 
guish between these two possibilities. However, the 
relatively high activities found in the nuclei, the 
low values observed in the heavy mitochondrial 
fraction, as well as the general shape of the distribu- 
tion pattern all suggest that uricase is associated 
with a special group of granules, resembling large 
microsomes rather than small mitochondria, and 
differing from lysosomes by a greater uniformity in 
sedimentation properties. Of interest in this respect 
are the results of Novikoff, Podber, Ryan & Noe 
(1953), who have identified a species of large 
microsomes, which were concentrated in uricase- 
rich fractions. Slautterback (1952) has also de- 
scribed several varieties of microsomes by means of 
electronmicroscopy. 

The activities found in the final supernatant were 
negligible or relatively small for most of the in- 
soluble enzymes studied. As pointed out above, the 
TPNH-cytochrome c reductase activity may have 
been overestimated in this fraction. Soluble 
enzymes of the lysosome group are all present in the 
supernatant to the extent of 10-20%. Part of these 
activities undoubtedly originate from damaged 
granules, but it is possible that small amounts of 
enzyme pre-exist in soluble form in the intact cell. 
This might be expected to occur, if, as suspected, 
lysosomes should be concerned with the local 
secretion of hydrolytic enzymes. The problem raised 
by the presence of fumarase in the final supernatant 
(and in the microsomes) has already been discussed. 
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In view of the results obtained by Kuff (1954) and in 
the present work, the most probable interpretation 
is that the extra-mitochondrial fraction of this 
enzyme, i.e. 60 % of the total activity, belongs to the 
diffusible elements of the cytoplasm but is easily 
adsorbed by the microsomes. 

In conclusion, it may be stated that the results 
obtained tend to validate the assumptions under- 
lying the use of reference enzymes, namely that 
specific enzymic species have single intracellular 
locations and that granules of a given class are 
enzymically homogeneous (Duve & Berthet, 1954). 
Some conflicting evidence has however also been 
brought to light, which unless attributable to arti- 
facts, indicates the existence of greater complexities. 


SUMMARY 


1. The intracellular distribution of a number of 
enzymes has been investigated in rat liver according 
to a new fractionation scheme, in which the classical 
mitochondria are divided into two subfractions. 
The observed distribution patterns were compared 
against those of cytochrome oxidase, acid phos- 
phatase and glucose-6-phosphatase, which served as 
reference enzymes. The data were interpreted in the 
light of the information furnished by these com- 
parisons and by additional experiments. 

2. The distribution patterns of succinate cyto- 
chrome c reductase and of rhodanese followed 
that of cytochrome oxidase, and it was concluded 
that these systems likewise belong to the mito- 
chondria. 

3. The DPNH- and TPNH-cytochrome c¢ 
reductase activities showed complex distributions, 
reflecting the existence of two distinct pairs of 
systems, associated respectively with the mito- 
chondria and the microsomes and differing in their 
susceptibility to activation by distilled water and 
inhibition by antimycin A. 

4. About 40 % of the total fumarase activity was 
found in the mitochondria, and the remainder 
recovered partly in the final supernatant, partly in 
the microsomes, possibly in the latter case as the 
result of an adsorption artifact. 

5. Ribonuclease, deoxyribonuclease, cathepsin 
and the major part of £-glucuronidase showed 
distributions analogous to that of acid phosphatase. 
In addition, they resembled this enzyme in being 
practically unreactive towards their respective 
substrates in intact preparations, and were released 
in a parallel fashion from granules subjected to 
graded activation by a variety of means. These 
results were taken to indicate that the four hydro- 
lases belong to the same distinct group of granules 
previously shown to contain acid phosphatase. The 
name lysosomes has been proposed for these 
granules. 
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6. The microsomes contained a 20% excess of 
£-glucuronidase, which differed from the remaining 
activity by a less acid pH-optimum. A second 
enzyme species appears to be involved, but the 
possibility of an interaction between adsorbed 
enzyme and ribonucleic acids cannot be ruled out. 

7. Uricase exhibited a unique distribution, 
indicating that this enzyme is attached either to the 
insoluble framework of lysosomes or to a fourth 
distinct group of granules with the properties of 
large microsomes. 

8. In discussing these results, it is pointed out 
that many afford direct support to the guiding 
assumptions that distinct enzymic species have 
single intracellular locations and that granules of 
a given class are enzymically homogeneous. Some 
conflicting evidence has also been brought to light. 
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Raper & Thom (1949) in their Manual of the Peni- 
cillia separate species in this genus into four major 
sections, Monoverticillata, Asymmetrica, Biverti- 
cillata-Symmetrica and Polyverticillata. They sub- 
divide each of the sections into a number of series 
so that the Biverticillata-Symmetrica section, for 
example, includes six such series among which, for 
the purpose of this communication, the following 
are of interest: the P. luteum series including P. 
wortmannit Klécker; the P. funiculosum series 
including P. islandicum Sopp; and the P. rugulosum 
series including P. rugulosum Thom. In common 
with other series in the Biverticillata-Symmetrica, 
strains in the three series mentioned produce yellow 
to orange or reddish colours in the aerial vegetative 
mycelium with a colony reverse in similar colours or 
occasionally dark purple-red to almost black. 

A number of crystalline colouring matters have 
been isolated here from strains of P. islandicum 
(Howard & Raistrick, 1949, 1950, 1954a, b), and we 
now report similar investigations on the colouring 
matters of P. rugulosum and P. wortmanni. This 
work was commenced early in 1939 by one of us 
(J.B.) and resulted in the isolation, from a highly 
pigmented strain of P. rugulosum, strain H.Z., 
recently isolated from natural sources and culti- 
vated in the laboratory on Czapek-Dox solution, of 
considerable quantities of a beautifully crystalline, 
bright yellow colouring matter which was named 
rugulosin, since it had not been described previously. 
The work was discontinued later in the year and was 
not taken up again until 9 years later (Raistrick, 
1949; Dacre, 1950). By this time the yield of rugu- 
losin obtainable from P. rugulosum strain H.Z. was 
very much smaller than that obtained previously, 
but two other strains of the same species, i.e. 
strains §.M. 1 and 8.M. 14, which had not been kept 
in laboratory culture for so long a time, gave very 
considerable yields of the colouring matter. In this 
connexion it is of interest to note that, according 
to Raper & Thom (1949), while newly isolated 
strains of P. rugulosum usually sporulate freely and 
have a bright orange-red reverse, the same strains 
after being held in laboratory culture for a long time 
sporulate much less heavily and have an almost 


white reverse. No rugulosin could be detected in 
three such strains. 

The yields of crude crystalline rugulosin obtained 
by ether extraction of the dried and defatted 
mycelium from the three strains of P. rugulosum 
used in its preparation were considerable and 
amounted to 21 % of the dry weight of the mycelium 
of strain 8.M. 1, 10-13% from strain S.M. 14 and 
7-8 % from strain H.Z. In addition, small amounts 
of crystalline rugulosin were isolated from strain 
P. 50 and from strain N.R.R.L. 1045 which is a 
direct descendant of Dr Charles Thom’s original 
type strain. 

Rugulosin has also been isolated from cultures 
of P. wortmanni grown on Czapek-Dox solution. 
Hence, this species, which has bright yellow peri- 
thecia embedded in yellowish orange mycelium, 
links the perithecia-producing P. luteum series 
with strains in the P. rugulosum series which do not 
produce perithecia. Although no rugulosin was 
detected by Howard & Raistrick (1949, 1950, 
1954a, b) in P. islandicum, this species is clearly 
related genetically to both P. rugulosum and P. 
wortmanni, since skyrin, which is one of the crystal- 
line colouring matters isolated in considerable 
amounts from P. islandicum, has now been obtained 
in crystalline form from P. wortmanni and has been 
detected with certainty in several strains of P. 
rugulosum. The amount of purified crystalline 
skyrin isolated from P. wortmanni was approxi- 
mately 0-5 % of the dry weight of the mycelium and 
of purified rugulosin 0-7% but, since exhaustive 
working up of the solvent extracts was not at- 
tempted, the amounts actually present in the 
mycelium are probably considerably greater. 


RUGULOSIN 


Considerable difficulty was experienced in establish- 
ing the empirical formula for rugulosin. Samples 
crystallized from ethanol or acetone, in yellow 
cubes or prisms, and dried to constant weight in 
high vacuum at 100° or below, are very hygroscopic. 
Provided suitable precautions are taken, however, 
they analyse well for C,)H,,0,,, a formula which is 
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in agreement with that for pentaacetylrugulosin, 
CyH,0,,- Analysis of samples dried to constant 
weight at 140—150° leads however to the formula 
Cz9H2019 for rugulosin, which is in agreement with 
that established for pentamethylrugulosin, i.e. 
C3;H 201), and, as will be seen later, explains best 
most of its properties which are known at present. 

Rugulosin melts with very vigorous decomposi- 
tion at about 293°. ie has a high dextro rotation in 
dioxan solution, [«]}§,, +605°, which falls to an 
almost constant value of + 222° after prolonged 
exposure to light. It contains two C-methyl groups 
but no methoxy] groups. It is practically insoluble 
in water but dissolves in aqueous alkalis, including 
sodium bicarbonate and ammonia, giving strong 
yellow to orange solutions. Its ethanolic solution 
gives an olive-brown ferric reaction. Rugulosin has 
a markedly specific antibacterial activity, being 
very highly active against certain bacilli, strepto- 
cocci and corynebacteria, but is much less active 
against Gram-negative organisms. Therapeutic 
tests of rugulosin administered to mice infected with 
Streptococcus pyogenes showed good protection 
(five alive out of six), but failed completely with 
Bacterium coli. It is moderately antifungal, com- 
pletely inhibiting the growth of Pythium inter- 
medium de Bary at a concentration of 1:50000. 

The presence of five hydroxy] groups in the mole- 
cule of rugulosin was established by (a) the Peterson 
& West (1927) method, involving acetylation at 37° 
with acetic anhydride and pyridine and estimation, 
by titration, of the amount of acetic anhydride used. 
(b) The isolation from the reaction mixture of penta- 
acetylrugulosin, bright yellow prisms, m.p. 210° 
(decomp.), analysing for the pentaacetate of 
Cy95H.,0,,- (c) The preparation, by prolonged 
methylation with methyl iodide and silver oxide, of 
rugulosin pentamethyl ether, i.e. C39>H,,0;(OCHs);, 
lemon-yellow needles, m.p. 255—256°, insoluble in 
alkalis. 

A number of decomposition products of rugulosin 
have been isolated which establish the relationship 
of this substance to skyrin, the second colouring 
matter of P. rugulosum, and also to some of the 
colouring matters of P. islandicum, e.g. skyrin, 
flavoskyrin, rubroskyrin and iridoskyrin. When 
rugulosin is heated with zinc dust in an atmosphere 
of hydrogen, 2-methylanthracene is formed. Hence, 
although it is not claimed that rugulosin is a poly- 
hydroxyanthraquinone, it is clearly related to this 
class of colouring matters. This conclusion is con- 
firmed by the following observations. (i) Chryso- 
phanol (4:5-dihydroxy -2-methylanthraquinone) 
(structure I) was isolated in almost 50% yield from 
the decomposition products formed by prolonged 
heating of a solution of rugulosin in aqueous 2N 
sodium hydroxide. (ii) Thermal decomposition of 
rugulosin in an atmosphere of nitrogen at 300-305° 
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led to the formation of about 12% of 1 mole of 
carbon dioxide, about 24% by weight of chryso- 
phanol and 20% of emodin (4:5:7-trihydroxy-2- 
methylanthraquinone) (structure II). (iii) Chryso- 
phanol and emodin were also formed, together with 
28-5% of 1 mole of carbon dioxide, by heating 
rugulosin with copper chromite and quinoline in an 
attempt to decarboxylate it (Adkins & Connor, 
1931; Kinney & Langlois, 1931). (iv) When a 
solution of rugulosin in concentrated sulphuric acid 
was heated at 140° an obvious change took place 
since the colour, initially pure yellow, changed to 
a stable purplish crimson. The product of the 
reaction, isolated in 30% yield, has been named 
aurantio-rugulosin. It has the molecular formula 
C39H,,0,, crystallizes in orange-red needles or 
brick-red prisms, m.p. 325°, is insoluble in N sodium 
carbonate and gives solutions in sodium hydroxide 
and cold concentrated sulphuric acid which are 
almost indistinguishable in colour from those given 
by emodin in the same reagents. It forms a tetra- 
acetate, bright yellow hexagonal plates, m.p. 294- 
295°, and a tetramethyl ether, yellow plates, m.p. 
362°. 


he yo "ck by 
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(111) (IV) 
Islandicin Catenarin 


It is of interest to compare the properties of 
rugulosin, C39H,,0;), with those of rubroskyrin, 
C39H220;., from P. islandicum (Howard & Raistrick, 
1954b), since these properties are so similar that 
they justify the belief that rugulosin and rubro- 
skyrin belong to the same class of compounds. Any 
difference in their properties, particularly of colour 
reactions, are readily explained by postulating that 
rubroskyrin contains two more hydroxyl groups 
than does rugulosin. Thus the thermal decomposition 
of rugulosin, which may be represented by the 
equation 

CypH 22019 > = Cy5H yO, 
rugulosin chrysophanol 
is analogous to that for the thermal decomposition 
of rubroskyrin advanced by Howard & Raistrick 
(19545) 
C39 H 2012 > Cy5H 99; + Ci5H190, + HO 
rubroskyrin islandicin catenarin 


+C,5H,)0; + H,0, 
emodin 
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islandicin being 1:4:5-trihydroxy-2-methylanthra- 
quinone (structure III), and catenarin being 
1:4:5:7 - tetrahydroxy - 2 - methylanthraquinone 
(structure IV). 

It will be seen that islandicin is 1-hydroxy- 
chrysophanol and catenarin is 1-hydroxyemodin. 
Hence, if rubroskyrin does indeed prove to be a 
dihydroxyrugulosin, it follows that these two 
hydroxyl groups are both attached to the rubro- 
skyrin molecule at positions which become position 
1 in its 2-methylanthraquinone decomposition 
products, islandicin and catenarin. 

The conversion by concentrated sulphuric acid of 
rugulosin into aurantio-rugulosin, which may be 
represented by the equation 

C59 H 2019 > Ca9H 1,0, + 2H,O0 
rugulosin aurantio-rugulosin 


is also analogous to the conversion of rubroskyrin 
into iridoskyrin, also by concentrated sulphuric acid 
(Howard & Raistrick, 1954b) 


C39 H 2012 > Cy9H 1,019 + 2H,0 
rubroskyrin iridoskyrin 


Comparison of the properties of aurantio- 
rugulosin, C39H,,0,, and iridoskyrin, C3 9H,,O,9 
shows equally striking similarities. Both substances 
have high melting points (325° and 358-360°), both 
are dimorphic and both have two C-methyl groups. 
While they are both soluble in aqueous sodium 
hydroxide, they are insoluble in aqueous sodium 
carbonate, although their parent substances dissolve 
readily in this reagent. Further, while aurantio- 
rugulosin gives a tetraacetate and a tetramethyl 
ether indicating that four of the oxygen atoms are 
present in the molecule as hydroxyl groups, 
iridoskyrin gives a hexaacetate and a hexamethyl 
ether indicating that iridoskyrin contains six 
hydroxy] groups. The four oxygen atoms remaining 
in both aurantio-rugulosin and iridoskyrin are 
believed to be present as two quinone groupings in 
each case. The differences in the colour reactions 
given by the two substances are readily explained 
by the presence of two more hydroxyl groups in 
iridoskyrin than in aurantio-rugulosin. Thus, while 
iridoskyrin gives an intensely blue solution in cold 
concentrated sulphuric acid and a purple-blue, 
rapidly fading, solution in N sodium hydroxide, the 
corresponding colours given by aurantio-rugulosin 
are crimson and a stable red with a purple shade. 


SKYRIN 


Skyrin was first described by Howard & Raistrick 
(19544, b) and was isolated by them in pure crystal- 
line form from two different strains of P. islandicum. 
We have isolated pure skyrin from P. wortmanni as 
the pyridine salt from which crystalline skyrin was 
recovered and converted into the hexaacetate, m.p. 


293° (decomp.) alone or in admixture with hexa- 
acetylskyrin from P. islandicum. Skyrin from P. 
wortmannit also gave the same series of colour 
reactions as are given by skyrin from P. islandicum. 
On reductive cleavage with sodium dithionite in 
alkaline solution it likewise gave a good yield of 
emodin. 

The isolation of pure skyrin from the dried 
mycelium of strains of P. rugulosum proved to be 
much more difficult. The ether extracted mycelium 
of P. rugulosum strains 8.M. 1 and 8.M. 14 was 
extracted with acetone, the precipitated mannitol 
was collected by filtration and the acetone filtrate 
was chromatographed on magnesium oxide columns 
giving two distinct bands. The lower yellow rugu- 
losin band was separated with methanol and the 
upper purplish band containing skyrin, which could 
not be eluted with solvents, was separated mech- 
anically and decomposed with 2N hydrochloric acid 
and ice. The resulting brownish red flocks were 
collected, washed and dried, giving a product which 
had all the reactions of skyrin but could not be 
crystallized. It was therefore acetylated, and the 
acetate was purified from boiling ethanol giving 
skyrin hexaacetate, m.p. 294° (decomp.). 

Shibata, Tanaka, Chihara & Mitsuhashi (1953) 
investigated the colouring matters present in 
laboratory cultures of two species of Endothia, E. 
parasitica (Murr.) Anderson & Anderson, the 
chestnut-blight fungus and one of the most uni- 
formly destructive fungous parasites known, and EL. 
radicalis Fr. They isolated, by solvent extraction of 
the dried mycelium of each of these species, two 
crystalline colouring matters which they named 
endothianin, orange plates with no definite melting 
point, and radicalisin, yellow, dextro-rotatory 
rhombic crystals which have no definite melting 
point but decompose at approx. 282°. Professor 
Shoji Shibata, the senior of these four investigators, 
has shown, while on study leave in our laboratory, 
that endothianin is identical with skyrin and 
radicalisin is identical with rugulosin. It has 
therefore been arranged that all future work on the 
two colouring matters will be carried out in Professor 
Shibata’s laboratory in Tokyo. 


EXPERIMENTAL 


THE COLOURING MATTERS OF 
PENICILLIUM RUGULOSUM THOM 


Cultures 


The following strains of Penicillium rugulosum Thom were 
used for the bulk preparation of rugulosin: Strain H.Z. 
Isolated in September 1937 by Mr G. Smith from hops from 
an oast house in Kent, England. Strain S.M.1. Received 
in August 1946 from Mr Mandi, Imperial College of Science 
and Technology, London, as an antibiotic-producing 
Indian mould. Strain S.M. 14. Isolated here in December 
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1946 by Mrs S. Marcus from a rotten pear. These three 
strains were identified by Mr G. Smith. 

Rugulosin was also isolated from the following strains, 
though in very much smaller yields: Strain N.R.R.L. 1045. 
Received in July 1948 from Dr Kenneth B. Raper, Northern 
Regional Research Laboratory (N.R.R.L.), U.S. Depart- 
ment of Agriculture, Peoria, Illinois, U.S.A., as Dr Charles 
Thom’s original type strain. Strain P. 50. Received in 
December 1929 from Professor Ph. Biourge, University of 
Louvain, Belgium. 

No rugulosin could be detected in the following strains: 
Strain L.S.H.T.M. Ad. 27. Purchased in 1925 from the 
British National Collection of Type Cultures, catalogue 
number 592. Strain L.S.H.T.M. B.B. 14. Isolated in 
1929 by Mr G. Smith as a culture contaminant. Strain 
L.S.H.T.M. P. 241. Received in December 1943 from 
Dr K. B. Raper as P. rugulosum N.R.R.L. 1055. 


Cultural conditions 


Batches of 50 or 100 11. conical flasks, each containing 
350 ml. Czapek-Dox solution (glucose, 50-0 g.; NaNO,, 
2-0 g.; KH,PO,, 1-0 g.; KCl, 0-5 g.; MgSO,,7H,0, 0-5 g.; 
FeSO,,7H,0, 0-01 g.; distilled water, 11.), were plugged 
with cotton wool, sterilized and inoculated with a spore 
suspension of one of the chosen strains, i.e. H.Z. or 8.M. 1 
or S.M. 14, of P. rugulosum Thom. The flasks were incubated 
in the dark at 24° until the glucose content of the medium, 
determined polarimetrically, had decreased to 0-5% or 
less, when the cultures were harvested and worked up. 


Isolation of the colouring matters of 
Penicillium rugulosum 


At the end of the incubation period the orange-yellow 
mycelial mats were separated by filtration from the pale 
yellow culture solution which was discarded. The mycelial 
mats were washed with water, squeezed as dry as possible 
in a tincture press, dried in a vacuum oven at 40-45° and 
ground to a fine powder in a coffee mill. This powder was 
exhaustively extracted, first with light petroleum (b.p. 
40-50°) in a large metal Soxhlet extractor. On removal of 
the solvent from the extract there remained ‘fat’ contain- 
ing only a little colouring matter (Table 1, column 6). 

The extracted mycelium was air dried and then re- 
extracted with ether until the extract, initially orange- 
yellow, became colourless. Considerable quantities of 
orange-yellow crystals separated during the extraction and 
were collected. The crystals, m.p. 275-280° (decomp.), 
consisted essentially of rugulosin together with small 
amounts of skyrin (Table 1, column 7). 

The ether-extracted mycelium was again air dried and 
finally extracted completely with acetone. The dark orange- 
yellow extract contained further small amounts of rugu- 
losin and most of the skyrin, which were separated by 
chromatographing on magnesium oxide columns (see below), 
and considerable quantities of almost colourless crystals, 
which were collected and identified as mannitol as follows. 
They were recrystallized several times from methanol 
(with charcoal) giving rosettes of colourless plates or 
prisms, m.p. and mixed m.p. with authentic mannitol, 
168-170°. The identity of the mannitol was confirmed by 
conversion into its tribenzoylacetal derivative which was 
obtained as colourless needles ex ethanol, m.p. and mixed 
m.p. with an authentic specimen, 216—218° (lit. 215-217°). 
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The acetone extract, from which mannitol had been 
separated, was passed through chromatographic adsorption 
columns (2-5 x15 cm.), packed with freshly ignited MgO 
(British Drug Houses Ltd., heavy quality). All the five 
rugulosin producing strains, i.e. H.Z., S.M.1, S.M. 14, 
N.R.R.L. 1045 and P. 50, produced two distinct colour 
bands, an upper purplish band which could not be eluted 
with solvents and a lower yellow band. Washing with 
methanol resulted in almost complete separation of the 
two bands which were then drained free from solvents. 
The columns were extruded from the tubes and the two 
bands were separated mechanically, separately suspended 
in ice-water and decomposed with 2N-HCl. The lower band 
gave yellow flocks of pure rugulosin which were collected, 
washed and dried and crystallized from ethanol in the usual 
way. The upper purplish band gave brownish red flocks 
of skyrin which could not be crystallized. However, the 
substance gives the following reactions which are in- 
distinguishable from those given by skyrin from P. 
wortmanni. It does not melt below 360° nor does it sub- 
lime; with conc. H,SO, it gives a dark red colour changing 
very quickly to emerald green; it is insoluble in saturated 
NaHCO, but dissolves readily in 2N-Na,CO, and 2n-NaOH 
giving deep purple solutions which are stable in air. 

The crude skyrin from strain S.M. 1 was acetylated by 
heating it (0-5 g.) with anhydrous sodium acetate (2-5 g.) 
and acetic anhydride (5 ml.). Hexaacetylskyrin, isolated 
in the usual way, was repeatedly purified from boiling 
ethanol giving finally a product, m.p. 294° (decomp.). 
(Found: C, 63-5; H, 4-0. Cale. for Cy.H5,04., ie. Cy9H 1.04 
(0.CO.CH;),, C, 63-8; H, 3-8%.) 





Purification of crude rugulosin 


Since rugulosin has not a true melting point but de- 
composes on heating to about 290°, the criterion of purity 
adopted was constancy of optical rotation. 

The crude rugulosin from P. rugulosum strain H.Z. 
(25-8 g.), m.p. 275-280° (decomp.), was ground with cold 
acetone (50 ml.), filtered and washed with acetone giving 
a reddish brown filtrate and a yellow cryst. product 
(21-6 g.), m.p. 285° (decomp.). A portion of this product 
(5 g.) was fractionally crystallized from acetone (200 ml.) 
giving three fractions, 2-60, 1-53 and 0-60 g., all melting 
with decomposition at 285°. These fractions were combined 
and a portion (3-8 g.) was dissolved in hot dioxan (10 ml.) 
and fractionally crystallized by the addition of light 
petroleum (b.p. 40-60°) giving two fractions, both melting 
with decomposition at 287—290°, i.e. 2-7 g. (fraction 1) and 
0-8 g. Fraction 1 was finally crystallized fractionally from 
successive amounts of ethanol (75, 50 and 30 ml.) giving 
three fractions, 1-6 g. (fraction 2), 1-2 g. (fraction 3) and 
0-57 g. (fraction 4), all melting with decomposition at 
287-289°. Portions of the 2-7 g. fraction, m.p. 287—290° 
(decomp.), referred to above and of each of these three 
fractions were dried to constant weight in high vacuum at 
60-65° and their optical rotations were determined in 
dioxan (c, 0-40 in all four cases) in a 2 dm. tube in the Hg 
green (5461 4) light with the following results. Fraction 1, 
[«]+550°; fraction 2, [x] +604-7°; fraction 3, [«] + 604-6°; 
fraction 4, [«] +604-5°. 

In a second experiment 18-2 g. of acetone-washed crude 
rugulosin from strain H.Z. was crystallized from dioxan- 
light petroleum (b.p.40—60°) and then from ethanol and gave 
14-6 g. of cryst. rugulosin, [a] 2%) + 602-8° (c, 0-40 in dioxan). 
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Table 1. Cultural characteristics and yields of metabolic products of five strains of Penicillium rugulosum 
For details see text. 
Wt. of 

Strain of Incubation Residual Wt. of dried Wt. of crystalline 
P. rugulosum, No of period glucose mycelium crude fat rugulosin 

cat. no. flasks (days) (%) (g-) (g-) (g-) ' 
H.Z. 100 42 0-17 336 39:3 25-8 j 
S.M. 14 50 21 0-15 220 2-3 27:5 
S.M. 1 50 28 0-5 200 —_ 45-0 
N.R.R.L. 1045 3 35 1-94 4-29 0-26 0-05 
P. 50 2 32 0-42 4-78 0-03 0-02 


The rugulosin obtained from strains S.M. 1 and S.M. 14, 
and prepared 9 years later, was identical in all its properties 
with that from strain H.Z. Details of representative 
batches of all three strains are given in Table 1. 


General properties of rugulosin 


Rugulosin contains C, H, O but not N, 8 or Cl. (Found, 
(a) on sample ex P. rugulosum strain H.Z. crystallized from 
ethanol and dried to constant wt. in high vacuum at 60- 
65°: C, 64:2, 64-4; H, 4-7, 465%; OCH, nil; mol.wt. 
eryoscopic in dioxan, 413. (6b) On sample ex acetone, 
hermetically sealed after drying in high vacuum at room 
temp. and prior to sending to analyst: C, 64:3; H, 4.5%. 
(c) On sample ex P. rugulosum strain 8.M. 14 crystallized 
from ethanol, dried in high vacuum at room temp. and 
hermetically sealed: C, 64-5; H, 4-1%; mol.wt. cryoscopic 
in dioxan, 420. Cj 9H,,0,, requires C, 64:3; H, 43%; 
mol.wt. 560. (d) On sample ex P. rugulosum strain S.M. 14 
crystallized from ethanol and dried to constant weight at 
140° in high vacuum: C, 66-25; H, 4:05; C-CH,, 4:8%. 
(e) On sample ex P. rugulosum strain 8.M. 1 ex ethanol and 
dried at 150° in high vacuum: C, 65-8; H, 4-1%. C3,H22049 
requires C, 66-4; H, 4-1; 2 C-CH,;, 5-54%; mol.wt. 542.) 
Shibata et al. (1953) give the mol.wt. of radicalisin (=rugu- 
losin), determined by X-ray analysis, as 562. 

Rugulosin crystallizes from ethanol in large dull-yellow 
cubes which readily lose solvent of crystallization and 
crumble to a yellow powder on exposure to air or in an 
evacuated desiccator. It crystallizes from ether or acetone 
as bright yellow blunt-ended prisms and rods, and from 
methanol as yellow rosettes of elongated prisms. When 
freed from solvents of crystallization, rugulosin is markedly 
hygroscopic so that unusual precautions must be taken in 
preparing samples for analysis. It is also light-sensitive, 
hence a yellow sample exposed to bright sunlight soon 
becomes almost brick-red in colour and the optical rotation 
of dioxan solutions falls from an initial value of [«]}§, + 605° 
to an almost constant value of +222° after exposure to 
light for periods of 14 days or more. 

Rugulosin does not sublime on heating in a high vacuum 
but decomposes very vigorously at its m.p. (approx. 293°) 
to a dark-red liquid. It is readily soluble in acetone, 
dioxan, pyridine, ethyl acetate and glacial acetic acid; 
moderately soluble in methanol, ethanol, ether, CHCl,, 
butanol and benzene, and is almost insoluble in light 
petroleum and water. Its solutions in CHCl, and glacial 
acetic acid are bright yellow in colour with slight green 
fluorescence. It is fairly readily soluble in 2n-NaOH, 


2n-Na,CO;, saturated NaHCO, and NH,OH with the 
formation of strong yellow to orange-yellow solutions, but is 
only soluble with difficulty in aqueous potassium acetate to 


give a light yellow solution. 


Rugulosin gives a very 


characteristic reaction with conc. H,SO, in which it 
dissolves in the cold to give a pure yellow solution with a 
slight fluorescence which changes on heating through 
brown to a stable purplish crimson colour. It is, however, 
insoluble in conc. HCl either hot or cold. Its ethanolic 
solution gives an olive-brown colour with FeCl,, but does 
not give a ppt. with Brady’s reagent (0-32% 2:4-dinitro- 
phenylhydrazine in 2N-HCl), nor does an acetone solution 
restore the colour to Schiff’s reagent. Rugulosin does not 
decolorize bromine in CHCl, nor does its ethanolic solution 
decolorize acid KMnO, solution. It does not form a semi- 
carbazone, methyl ester or p-bromophenacy] ester. 


Derivatives of rugulosin 

Peniaacetylrugulosin. A quantitative estimation of the 
number of acetylatable hydroxyl groups present in rugu- 
losin was carried out as follows by the Peterson & West 
(1927) method. A solution of vacuum dried rugulosin 
(0-1873 g.) in 5-00 ml. of a mixture of acetic anhydride 
(1 vol.) and pyridine (2 vol.) was kept in a glass-stoppered 
flask for 3 days at 37°. A control, with the same amount of 
reagents but without rugulosin, was similarly kept. Thetwo 
solutions were poured into ice-water (200 ml.) and titrated 
to phenolphthalein with 0-5n-NaOH. The respective 
titrations were 31-70 and 35-36 ml., i.e. acetic anhydride 
used =3-66 ml. 0-5N-NaOH. This corresponds to an uptake 
of 5-48 acetyl groups by rugulosin (C3)H.,0,,) or 5-30 groups 
by CyoH22019- 

The precipitated acetate was collected by filtration, dried 
(0-24 g.) and crystallized 3 times from ethanol giving 
almost colourless plates, m.p. 206-210° (decomp.). The 
acetate was further treated by shaking out its solution in 
CHCl, with saturated aqueous NaHCO, when the initial 
very pale yellow colour of the CHCl, solution changed to 
a bright yellow. This solution was washed with water, the 
solvent was removed in vacuo and the dry residue was 
crystallized from ethanol giving pentaacetylrugulosin as 
long, bright yellow prisms, m.p. 210° (decomp.). (Found: | 
C, 62-4, 62-5; H, 4-6, 4-6. Cy H3,0,¢, i.e. pentaacetate of 
Cy9H.,0,;, requires C, 62-3; H, 4-45; C,,H320,;, i.e. penta- 
acetate of C,,H,.0,9, requires C, 63-8; H, 43%.) 

Pentamethylrugulosin. A solution of rugulosin (0-85 g.) 
in methyl iodide (50 ml.) was refluxed for 8 hr. with freshly 
prepared dry Ag,O (20g.). Ag,O was then separated by 
filtration and extracted with boiling methyl iodide. The 
filtrate and washings were concentrated to about 5 ml. and 
allowed to evaporate in the atmosphere giving bright 
lemon-yellow needles (1:0 g:), m.p. 244°, from which 
pentamethylrugulosin was obtained, by four recrystalliza- 
tions from ethanol, as characteristic sheaves of fine lemon- 

















Vol. 60 


yellow needles, m.p. 255-256°. The compound is insoluble 
in alkalis and gives no colour with ethanolic FeCl,. It gives 
colour reactions with conc. H,SO, similar to those given by 
the parent compound. (Found: C, 68-4, 68-1; H, 5-7, 5-2; 
OCH,;, 25-2, 25-2; C-CH,;, 3-22; mol.wt. cryoscopic in 
camphor, 572. C3;H32049, i.e. C39H,,0;(OCH;),;, requires C, 
68-6; H, 5-3; 50CH;, 25-3; 1 C-CH,, 2-45%; mol.wt. 612.) 
Optical rotation [«]?%.) + 1027-5° (c, 0-2 in dioxan). 






Decomposition of rugulosin 

(a) By sulphuric acid. A solution of rugulosin (0-334 g.) 
in conc. H,SO, (15 ml.) was held at 140° for 30 min. The 
colour of the solution, initially pure yellow, changed 
quickly to a stable purplish crimson. The solution was 
cooled, poured into ice-water (150 ml.), and the resulting 
dark precipitate was extracted with CHCl, (200 ml.) giving 
a yellow solution which was shaken out with aqueous 
n-Na,CO, (100 ml.). On removal of the solvent from the 
washed CHCl, solution there remained orange-red needles 
(0-10 g.), m.p. 316-318°, recrystallization of which from 
glacial acetic acid. gave auwrantio-rugulosin, m.p. 325°, 
[x]2461. nil (c, 0-1 in dioxan).. (Found: ©, 71-25, 71-1; H, 
3-8, 4-0.. Cy9H,,0, requires C, 71-15; H, 3-6%.) 

Aurantio-rugulosin is dimorphic and crystallizes from 
glacial acetic acid either as orange-red sheaves of needles or 
as brick-red prisms or plates with a constant m.p. of 325°. 
It is insoluble in n-Na,CO, or saturated aqueous NaHCO, 
but gives colour reactions with aqueous 2N-NaOH or cone. 
H,SO, which are almost indistinguishable from those given 
by chrysophanol and emodin in the same reagents, i.e. 
2n-NaOH, a red solution with a purplish shade; cold conc. 
H,SO,, a crimson solution with a purplish shade. Aurantio- 
rugulosin is also formed when pentamethylrugulosin is 
heated with conc. H,SO, at 140°. 

Tetraacetyl aurantio-rugulosin. A solution of aurantio- 
rugulosin (0-12 g.) and anhydrous sodium acetate (1-0 g.) 
in acetic anhydride (5 ml.) was refluxed for 2 hr. The crude 
acetate, recovered in the usual way, was crystallized thrice 
from glacial acetic acid giving tetraacetyl aurantio-rugulosin 
as small bright yellow hexagonal plates, m.p. 294-295°. 
(Found: C, 66-9; H, 4-25. C,,H,,0,,. requires C, 67-7; H, 
39%.) 

Tetramethyl aurantio-rugulosin. A solution of aurantio- 
rugulosin (0-35 g.) in anhydrous acetone (100 ml.) was 
boiled, and redistilled dimethyl sulphate (2 ml.) and an- 
hydrous K,CO, (2-0 g.) were added in 0-5 ml. and 0-5 g. 
portions at suitable intervals during 8 hr. boiling under 
reflux. The mineral salts were separated by filtration and 
the filtrate and washings were evaporated to dryness in 
vacuo. Crystallization of the residue from ethanol gave 
tetramethyl aurantio-rugulosin (0-27 g.) as small yellow 
prismatic plates, m.p. 362°, unchanged on further crystal- 
lization and sublimation at 280-300° in high vacuum. 
(Found: C, 72-6, 72:2; H, 4:8, 5-0; OCH;, 21-7, 21-9; 
C-CH,, 4:3. C3,H.0, requires C, 72-6; H, 4:7; 40CH;, 
22-1; 2 C-CH,, 53%.) 

(b) Thermal decomposition. Rugulosin (1-0 g.) was heated 
in a stream of N, freed from O, and CO,. The N, and vola- 
tile products were passed through a bubbler containing 
0-2N-Ba(OH),. The tube containing the rugulosin was 
immersed in a metal bath maintained at 300-305° for about 
5min. CO, (9:68 mg.) was evolved=12-3% of theory 
(78-5 mg.) for 1 mol. CO,/mol. rugulosin, Cy),H_40,;. 

The solid products of the reaction consisted of a very 
slight orange sublimate and a blackish residue (0-87 g.). 
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The whole was extracted with CHCI,, separated by filtra- 
tion from the black insoluble residue, and the orange- 
yellow solution was shaken repeatedly with n-Na,CO,. The 
purple-red carbonate-soluble fraction so obtained was 
separated, acidified with 2N-HCl and extracted with 
CHCl,. The CHCl, solution was evaporated to dryness in 
vacuo. The Na,CO,-insoluble material remaining in the 
CHCl, after Na,CO, extraction was also recovered by 
evaporation of the solvent. 

The Na,CO,-soluble material (0-21 g.) consisted of 
orange-yellow crystals, m.p. 250—-252°, which were purified 
by two crystallizations from glacial acetic acid followed by 
sublimation in high vacuum, giving bright orange prisms, 
m.p. 254-256°. The substance was identified as emodin 
(4:5:7-trihydroxy-2-methylanthraquinone) by its colour 
reactions and by the fact that its m.p. was not depressed on 
admixture with authentic emodin, m.p. 258°. (Found: C, 
66-9; H, 3-6. Calc. for C,,H,,0;: C, 66-7; H, 3-7%.) The 
identity was confirmed by conversion into the acetate. The 
substance (0-09 g.) was refluxed for 2 hr. with acetic an- 
hydride (2 ml.) and fused sodium acetate (0-20 g.). The 
yellow amorphous acetate (0-095 g.), recovered in the usual 
way, was crystallized thrice from ethanol giving large 
bright yellow needles of triacetylemodin, m.p. 198° alone or 
in admixture with an authentic specimen. (Found: C, 
63-6; H, 4-2. Cale. for C,,H,,0,: C, 63-6; H, 4-1%.) 

The Na,CO,-insoluble material (0-24 g.) consisted of 
orange-yellow plates, m.p. 176-180°, which were purified by 
three crystallizations from ethanol followed by sublimation 
in high vacuum, giving orange-yellow plates, m.p. 193- 
194°. The substance was identified as chrysophanol (4:5- 
dihydroxy-2-methylanthraquinone) by its colour reactions 
and by the fact that its m.p. was not depressed on ad- 
mixture with authentic chrysophanol, m.p. 194°. (Found: 
C, 71-4; H, 4:5. Cale. for C,;H,,0,: C, 70-9; H, 40%.) The 
substance was acetylated by the method described above 
for triacetylemodin giving diacetylchrysophanol as pale 
yellow plates from glacial acetic acid, m.p. 207—208° alone 
or in admixture with authentic diacetylchrysophanol. 
(Found: C, 67-5; H, 4-4. Calc. for C,,H,,0,: C, 67-45; H, 
42%.) 

(c) By hot aqueous sodiwm hydroxide. A solution of rugu- 
losin (0-20 g.) in 2n-NaOH (40 ml.) was heated on the 
boiling water bath for 8 hr. The initial intensely orange- 
yellow solution soon darkened to red. Next day 2n-NaOH 
(10 ml.) was added and heating was continued for a further 
8 hr. The solution was cooled, acidified with 2n-HCl and 
extracted with CHCl, (250 ml.). After removal of the solvent 
in vacuo, the orange residue (0-10 g.) was sublimed in high 
vacuum giving an orange-yellow crystalline sublimate 
(0-09 g.), m.p. 186-188° raised to 190-192° on crystalliza- 
tion from ethanol. The substance was identified as chryso- 
phanol by colour reactions, m.p. and mixed m.p. with an 
authentic specimen. 

(d) By heating with copper chromite and quinoline. A 
mixture of rugulosin (0-5193 g.), copper chromite (0-2 g.; 
as prepared by Adkins & Connor, 1931) and pure quinoline 
(7 g.), contained in a small flask fitted with an air con- 
denser, was heated in an oil bath. A slow stream of CO,- 
free N, was passed through the apparatus and the issuing 
gases were bubbled through aqueous 0-2N-Ba(OH),. The 
bath temperature was held at 215-220° until evolution of 
CO, ceased. 28-5% of the theoretical value for 1 g. mol. of 
CO, per g. mol. of rugulosin was evolved. After cooling, the 
contents of the flask were acidified and extracted with 
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CHCl,. On removal of the solvent a crude mixture of 
emodin and chrysophanol remained. These substances were 
isolated, purified and identified as described in (b) above. 

(e) By heating with zinc dust in hydrogen. A mixture of 
rugulosin (1 g.) and Zn dust (20 g.) was heated in a com- 
bustion tube in a slow stream of H,. A sublimate of almost 
colourless plates (5 mg.), m.p. 196-198°, which appeared in 
the cool part of the tube, was collected and crystallized 
from ethanol giving 2-methylanthracene as almost colour- 
less leaflets, m.p. 206-208°, not depressed on admixture 
with an authentic specimen, m.p. 207-208°. A further 
quantity of 2-methylanthracene (35 mg.), m.p. 196-198°, 
was obtained by ether extraction of the remainder of the 
tube. 

Rugulosin was recovered unchanged after treatment of 
(i) its CHCl, solution with ozone; (ii) its solution in aqueous 
n-Na,CO, with sodium dithionite (Na,S,0,); (iii) its solution 
in dilute aqueous NaOH with H,0,. 


THE COLOURING MATTERS OF 
PENICILLIUM WORTMANNI KLOCKER 


The strain of P. wortmanni used in this part of the in- 
vestigation was received in July 1948 from Dr K. B. Raper 
of the Northern Regional Research Laboratory (N.R.R.L.), 
U.S. Department of Agriculture, Peoria, Illinois, U.S.A., 
under the number N.R.R.L. 1017. It was received origin- 
ally by Thom from Biourge in 1924, who had it directly 
from Klécker, and is therefore presumably type (Raper & 
Thom, 1949, p. 584). 

The cultural conditions were the same as those followed 
in the cultivation of P. rugulosum. The cultures were 
harvested after 24 days’ incubation, when the mycelium 
was thick, dull orange on the surface and with a dirty 
greenish reverse. The yield of vacuum-dried mycelium was 
4-16 g. per flask containing 350 ml. of Czapek-Dox 5% 
glucose solution. 


Isolation and purification of the colouring matters 


The dried and ground mycelium was extracted, like P. 
rugulosum, first with light petroleum, then with ether and 
finally with methanol. Little colouring matter was present 
in either the light-petroleum extract, which contained much 
crude ‘fat’, or in the methanol extract which, however, 
contained large amounts of other solids. 

The ether extracts deposited appreciable amounts of 
orange coloured solid and further amounts of material, 
similar in appearance, were obtained by working up the 
mother liquors. The different crops were sorted according 
to their reactions with cold conc. H,SO, : fraction A giving 
a purple colour changing to green consisted of crude skyrin; 
fraction B giving a reddish colour contained both skyrin 
and rugulosin; fraction C with no distinctive colour 
reaction was still contaminated with fatty material but 
contained some rugulosin and a trace of skyrin. From two 
separate batches of 50 flasks each of Czapek-Dox solution 
the yields of the different fractions obtained were: fraction 
A, 0-7+1-0 g.; fraction B, 2-2 +2:-7 g.; fraction C, 4-06 + 
4-1g. 

Purification and identification of skyrin 


Fraction A (1-5 g.) was repeatedly crystallized from 
dioxan—water giving 0-7 g. of minute reddish orange prisms 
which were recrystallized from pyridine giving the pyridine 
salt of skyrin (0-8 g.) as short, deep red prisms which 
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blackened without melting when heated. (Found: C, 68-7; 
H, 4:1; N, 4°76. Cale. for Cy9H,,0,).2C;H;N: C, 69-0; 
H, 4-1; N, 40%.) 

The pyridine salt was converted into the free colouring 
matter as follows. The substance (0-20 g.) was dissolved in 
the minimum amount of aqueous 2N-Na,CO,, the solution 
was diluted with water (2 vol.) and acidified to Congo red 
with 2n-H,SO,. The resulting micro-crystalline, bright 
orange product (0-14 g.) was recrystallized from acetone as 
orange-red rectangular plates (0-07 g.) which did not melt 
on heating to 380°. It gave reactions identical with those 
given by skyrin from P. islandicum with the following 
reagents. (a) A deep purple stable solution in N-NaOH or 
n-Na,CO,. (5) In cold conc. H,SO, a solution which is 
initially deep cherry red changing in about 1 min. to a 
stable emerald green. For further identification this sub- 
stance was acetylated in the usual way with acetic an- 
hydride and sodium acetate. The crude acetate obtained 
was crystallized first from acetic acid and then twice from 
CHCI,-ethanol, giving fine yellow needles, m.p. 293°. On 
admixture with authentic hexaacetylskyrin from P. 
islandicum, m.p. 296°, the mixture also melted at 296°. 

The crude pyridine salt (0-19g.) was dissolved in 
n-Na,CO, (30 ml.), and a solution of sodium dithionite 
Na,S,0, (35 g.) in water (16 ml.) was added and the 
mixture was shaken for 5 min. N-HCl (30 ml.) was then 
added and the resulting orange ppt. was collected on a 
kieselguhr pad, washed and dried. The crude product was 
extracted in a Soxhlet, first with ether (30 hr.) and then 
with CHCl, (16 hr.). Both extracts were evaporated to 
dryness and the combined residues (0-09 g.) were sublimed 
in high vacuum at 170-180°, giving a crystalline orange 
sublimate (0-05 g.), m.p. and mixed m.p. 256° with an 
authentic specimen of Frangula emodin (4:5:7-trihydroxy- 
2-methylanthraquinone). The two specimens also gave 
identical reactions (i) with cold conc. H,SO,, a dark red, 
stable, non-fluorescent solution with a slightly bluish 
shade; (ii) readily soluble in aqueous 2N-Na,CO, giving a 
dark red solution which is very similar in shade to that given 
in cone. H,SO,. 


Purification and identification of rugulosin 


The crude fractions B from the two batches were com- 
bined (4-9 g.) and fractionated from acetone giving an un- 
dissolved residue (0-07 g.) of fairly pure skyrin and three 
crops from the solution, i.e. crude rugulosin (2-1 g.); very 
impure rugulosin (1-45 g.); and skyrin (0-08 g.). 

The corresponding crude fractions C (8-16 g.) were also 
fractionated from acetone giving 0-11 g. of pure rugulosin, 
1-01 g. of fairly pure rugulosin, 1-10 g. of crude skyrin and 
1-7 g. of a mixture of the two substances. The two crops 
of impure rugulosin (2-1+1-01 g.) were combined and 
crystallized from ethanol giving rugulosin (2-27 g.) as 
yellow, rectangular tablets, m.p. 293° (decomp.) either 
alone or mixed with rugulosin from P. rugulosum. (Found, 
on sample dried to constant weight in high vacuum at 
100°: C, 64-4; H, 4:2. C,,H,,0,, requires C, 64:3; H, 4:3%. 
[o]2%51 + 604° (c, 0-25 in dioxan) falling to +590° over- 
night. Like rugulosin from P. rugulosum it gave an in- 
tensely orange-yellow solution in aqueous NaOH and the 
characteristic reaction with conc. H,SO,, i.e. a pure yellow 
solution in the cold changing, on heating at 140°, through 
brown to a stable purplish crimson. It also gave an olive- 
brown ferric colour in ethanol. 
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ANTIBACTERIAL ACTIVITY OF RUGULOSIN 


Since rugulosin is almost insoluble in water or in nutrient 
broth it was necessary to modify the methods in common 
use for the determination of antibacterial activity. Pre- 
liminary investigations having shown that a saturated 
solution of rugulosin in broth had a marked bactericidal 
effect on Staphylococcus aureus the following three methods 
were used. In recording the results obtained the source of 
the organism used is indicated by either L.S.H. (from the 
Department of Bacteriology, London School of Hygiene 
and Tropical Medicine) or N.C. (from the National Collec- 
tion of Type Cultures, Medical Research Council). The 
figures recorded indicate the minimum concentration of 
rugulosin giving complete inhibition of growth after 24 hr. 
incubation at 37°, except where stated otherwise. 

A. Pure rugulosin (0-200 g.) was dissolved in 8-20 ml. 
0-1n-NaOH, the amount which a separate titration had 
shown to be necessary for neutralization to phenol- 
phthalein used as an external indicator. The bright yellow 
solution was diluted to 10 ml. with sterile water and added 
to 40 ml. of sterile 0-2% glucose-nutrient broth—which 
became very turbid—giving a concentration of 1:250 of 
rugulosin. Serial dilutions in glucose-broth, going up in 
steps of two, were prepared, held at 37° for 1 hr. and in- 
oculated with one loopful of a 24 hr. culture of the organism 
under investigation. A control culture in glucose-broth 
containing no rugulosin was set up for each organism in- 
vestigated, and good growth was obtained in all cases. The 
following results were obtained. 1:2000 Pseudomonas 
fluorescens (L.S.H. incubated at 24°). 1:8000 Staph. 
aureus (Oxford H). 1:16 000 Staph. aureus (L.S.H. no. 1, 
L.S.H. no. 2, N.C. 3095). <1:256000 Bacillus subtilis 
(L.S.H.). <1:1024000 Staph. aureus (N.C. 3093); 
B. anthracis (L.S.H.); Corynebacterium diphtheriae gravis 
(L.S.H.); C. diphtheriae mitis (L.S.H.). The cultures of the 
last four organisms, showing total inhibition at 1:1024000, 
were reinoculated and then incubated for a further 24 hr. 
No growth was obtained in any case. 

B. Pure rugulosin (0-200 g.) was dissolved in dioxan 
(20 ml.). 0:5 ml. of the resulting pale yellow clear solution 
was added to 4-5 ml. of 0-2 % glucose-broth and well mixed 
giving a 1:1000 solution of rugulosin. Serial dilutions in 
glucose nutrient broth were made and inoculated as in 
method A with one of an extensive series of micro- 
organisms with the following results. 1:2000 Staph. albus 
(N.C. 5955); Staph. citreus (N.C. 7415); Staph. aureus (N.C. 
7860); Bacterium coli (L.S.H. D15; N.C. 86); Salmonella 
typhi (N.C. 2128); Salm. typhi-murium (N.C. 5710); Salm. 
paratyphi-B (N.C. 5705); Salm. enteritidis (N.C. 5765); 
Shigella shigae (N.C. 4837); Mycobacterium phlei (N.C. 525). 
and M. smegmatis (N.C. 523), incubated 7 days at 37°. 
1:4000 Staph. aureus (Oxford H; N.C. 7878); Staph. 
pyogenes (N.C. 3750); Pseudomonas pyocyanea (L.S.H.). 
1:8000 Staph. aureus (L.S.H. no. 1). 1:16000 Vibrio 
cholerae (L.S.H. M40). 1:32000 Staph. pyogenes (N.C. 
3761); B. subtilis (L.S.H.); Actinomyces horton (N.C. 600). 
1:128 000 Staph. pyogenes (N.C. 4163). 1:512000 C. 
diphtheriae intermedius (L.S.H. F8; 48 hr.). 1:1 024 000 
Staph. pyrogenes (N.C. 3095). 1:2 048000 Streptococcus 
viridans (N.C. 3165; 48 hr.); C. diphtheriae gravis (N.C. 
5985; 48 hr.); B. anthracis (N.C. 5444); B. cereus (N.C. 
8035). 1:4096 000 Strep. pyogenes (N.C. 2432; 48 hr.); 
C. diphtheriae mitis (L.S.H. F16; 48 hr.). 
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Control experiments showed that dioxan has little in- 
hibitory effect on the growth of micro-organisms, hence its 
use as a solvent for rugulosin which dissolves readily in it. 
Both dioxan and ethanol permit full growth of Staph. 
aureus Oxford H strain at a concentration of 1:160 in 
nutrient broth. 

We are indebted to Mrs S. Marcus of this Department for 
the anti-bacterial tests recorded in sections A and B. 

C. A suspension of rugulosin (25 mg.) in sterile nutrient 
broth (12-5 ml.; pH 7-6) was held in a sterile flask at 60° for 
lhr. and was then serially twofold diluted in nutrient 
broth. In order to ensure as uniform distribution as possible, 
the rugulosin was kept suspended during the dilution by 
sucking twice into the pipette and vigorously ejecting 
back into the tube by blowing. Each of the broth dilutions 
was inoculated with 0-1 ml. of an 18 hr. broth culture of the 
test organism. The results, which were read at 18 hr. 
unless otherwise stated, follow. 1:500 Salm. typhi: Bact. 
coli; Proteus vulgaris; Mycobacterium avium; M. tubercu- 
losis var. bovis; M. tuberculosis var. hominis (these three 
strains were tested in Dubos’ medium and the results read 
after 10 days). 1:1000 Vibrio cholerae; Salm. sonnei. 
1:2000 Salm. dysenteriae; Salm. paradysenteriae; Haemo- 
philus pertussis in Bordet-Gengou medium. 1:4000 
Streptococcus pyogenes (in blood). 1:8000 Staph. aureus; 
Ps. aeruginosa. 1:32000 Strep. agalactiae. 1:125 000 
Strep. pyogenes, in broth+10% serum. 1:250000 C. 
pyogenes. 1:500 000 Strep. pyogenes in broth. 

Therapeutic tests were carried out against Strep. pyogenes 
and Bact. coli as follows. Groups of six mice were infected 
with 10000 lethal doses of the infecting organism with 
appropriate controls. A suspension of rugulosin in sterile 
distilled water (0-5 mg. in 0-5 ml.) was administered intra- 
peritoneally immediately after infection, 6 hr. later and on 
the following day. The results are summarized in Table 2. 

We are indebted to Mr S. R. M. Bushby of the Wellcome 
Foundation Ltd. for the above tests, which were carried out 
in April 1949 under the aegis of the Therapeutic Research 
Corporation of Great Britain Ltd. 


Table 2. Therapeutic tests of rugulosin 
in bacterial infections in mice 


No. of mice surviving on day 


Infecting No. of —_—_—__"———, 

organism mice 1 2 3 
Strep. pyogenes 6 6 5 5 
Controls 6 1 0 — 
Bact. coli 6 0 — _ 
Controls 6 0 in ao 


ANTIFUNGAL ACTIVITY OF RUGULOSIN 


An aqueous solution of rugulosin (0-03 g.) was made by 
dissolving it in hot phosphate buffer (100 ml. ; pH 7-0). Five 
dilutions, going up in steps of two, were made in phosphate 
buffer of the same pH and were held for 5 min. at 100°. 
While still hot, 1 ml. of each dilution was mixed with 14 ml. 
of hot melted sterile Czapek-Dox sucrose agar and the 
mixture was poured into sterile Petri dishes, which, when 
cold, were inoculated with small squares cut from the agar 
of a Petri dish culture of Pythium intermedium de Bary. 
The cultures were then incubated at 24° for 3 days, 
when the control plates were completely overgrown. The 
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following results were obtained. Rugulosin concentrations, 
1:50000, no growth; 1:100000, partial inhibition, growth 
retarded and very thin; 1:200000, partial inhibition; 
1:400000, normal growth. 


SUMMARY 


1. Two crystalline colouring matters—one red 
and the other yellow—have been isolated from the 
mycelium of laboratory cultures of a number of 
strains of Penicillium rugulosum Thom and from 
one strain of P. wortmanni Klécker. 

2. The red colouring matter is skyrin, C3),H,,0j, 
previously reported from P. islandicum Sopp. 

3. The yellow colouring matter, which has not 
been described previously and has been named 
rugulosin, C39H..0;,, forms yellow prisms, m.p. 
about 293° (decomp.) which are strongly dextro- 
rotatcry. It has a markedly specific antibacterial 
activity and is moderately antifungal. 

4. Good yields of chrysophanol (4:5-dihydroxy- 
2-methylanthraquinone) and emodin (4:5:7-tri- 
hydroxy-2-methylanthraquinone) have been ob- 
tained by degradation of rugulosin. 

5. Treatment of rugulosin with concentrated 
sulphuric acid at 140° gives aurantio-rugulosin, 
C,,9H,,0,, which is believed to be a substituted 
dianthraquinone. 
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6. The structural relationship of rugulosin and 
rubroskyrin, C39H..0,;, from P. islandicum, is 
discussed as well as that of aurantio-rugulosin and 
iridoskyrin, C395H,,0,), from P. islandicum. 

7. It is believed that rugulosin and rubroskyrin 
belong to a new class of colouring matters which, 
while not anthraquinones themselves, readily give 
rise to well known polyhydroxyanthraquinones. 
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The Reactivity of the Cystine Linkages in Wool 
towards Reducing Agents 


By A. J. FARNWORTH* 
Textile Research and Testing Department, Gordon Institute of Technology, Geelong, Victoria, Australia 


(Received 24 December 1954) 


Of all the various reactive side linkages in wool, none 
has been studied more extensively than the cystine 
linkage. This is probably accounted for by the fact 
that the keratins contain a much higher proportion 
of this amino acid than other proteins. Possibly 
because of this there has been a tendency to explain 
any anomalous physical or chemical behaviour of 
wool in terms of cystine. 

In a very comprehensive series of studies of the 
reactivity of the cystine linkages in wool, Phillips 
and his colleagues have examined the behaviour of 
untreated and modified wools towards sulphites, 
alkalis, formaldehyde and thioglycollic acid (Els- 
worth & Phillips, 1938, 1941; Middlebrook & 
Phillips, 1942a, b, 1947; Cuthbertson & Phillips, 
1945; Lindley & Phillips, 1945, 1947; Carter, 

* Present address: C.S.I.R.O. Wool Textile Research 
Laboratory, Belmont, Geelong, Victoria, Australia. 


Middlebrook & Phillips, 1946; Phillips, 1946.) As 
a result of this work, the combined cystine of wool 
has been divided into two fractions of differing 
reactivity, each fraction being further divided into 
two subfractions. For convenience, the more 
reactive fraction has been termed (A+B) and the 
less reactive portion (C+D). By definition, that 
portion of cystine which reacts with sodium 
bisulphite solutions to give thiol groups on sub- 
sequent hydrolysis is known as fraction (A +8). 
Most of this fraction reacts in the cold. When 
rinsing with water is interposed between bisul- 
phiting and hydrolysis, the residual thiol-S deter- 
mined in the hydrolysate gives a measure of sub- 
fraction B, subfraction A being obtained by 
difference. 4 

Fraction (C + D) is defined as that portion of the 
cystine which does not give cysteine and S-cysteine 
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sulphonate side chains when wool is treated with 
sodium bisulphite. Subfraction D gives combined 
a-amino acrylic acid very slowly at room temper- 
atures but more rapidly at higher temperatures. 

The differences between subfractions A and B 
and between subfractions C and D are not nearly so 
marked as those between fractions (4+B) and 
(C+D). Similar behaviour has been found to exist 
with the cystine linkages of proteins other than wool 
(Lindley, 1948). 

Phillips and his colleagues have suggested and 
rejected several possible explanations of this 
behaviour, and eventually came to the conclusion 
that the reactivities of the subfractions are in- 
fluenced by the nature of the amino acid in the near 
vicinity of the cystine in the protein chain. Astbury 
(1942) has deduced that the number of polar and 
non-polar side chains in wool are approximately 
equal and, in view of the roughly equivalent pro- 
portions of fractions (A+B) and (C+D), it has 
been suggested that fraction (A+B) is associated 
with a polar side-chain environment and (C+D) 
with non-polar side chains. Concerning the differ- 
ence between subfractions A and B, Phillips and his 
co-workers have suggested that ionizable carboxyl 
groups may predominate in the environment of 
subfraction A, whilst B may be in the vicinity of 
acid amide side chains. Supporting evidence for 
this is given by the behaviour of methylated wool 
which, on treatment with cold solutions of sodium 
bisulphite, showed that subfraction B increased at 
the expense of subfraction A with increasing degree 
of esterification (Lindley & Phillips, 1947). 

More recently, Alexander and his co-workers 
have investigated the reaction of oxidizing agents 
with wool and have shown that both the cystine 
linkages and the tyrosine side chains show varying 
reactivity towards chlorine, hypochlorous acid, 
peracetic acid, acid permanganate and alkaline 
hypochlorite (Alexander, Hudson & Fox, 1950; 
Alexander & Gough, 1951). They showed that the 
cystine and tyrosine could be divided into two 
fractions. In the case of cystine, however, these 
fractions are not related to those of Phillips. 
Alexander considered that the different reactivity 
could not be ascribed to differences in morpho- 
logical factors and has attempted to explain the 
results of their work in terms of a two-phase 
structural system for wool. One phase is considered 
to be a high molecular weight micellar arrangement 
of low chemical reactivity. The other phase is a low 
molecular weight cementing material of high re- 
activity situated between the micelles. 

Schuringa, Schooneveldt & Konings (1951) 
examined the action of sodium bisulphite and 
potassium cyanide on wool and concluded that 
accessibility of the cystine groups was partly re- 
sponsible for the varying reactivity. 


REACTION OF WOOL WITH REDUCING AGENTS 627 


In this present paper the reaction of wool with 
reducing agents has been further studied in an 
attempt to find evidence for the influence of polar 
side chains on the reactivity of the cystine linkages. 
Two methods of approach have been used: (a) the 
behaviour of wool towards sodium bisulphite after 
modification of the cystine linkages themselves; 
(b) the reactivity of the cystine linkages with 
various reagents after modification of the polar side 
chains. 


EXPERIMENTAL METHODS 


Materials. The wools used were a 64’s quality merino and 
a 58-60’s quality crossbred. The tip ends were removed and 
the root portions cleaned by extraction with ether followed 
by a large number of changes of distilled water. They were 
then allowed to condition at 65 % relative humidity and 21°. 

Treatment with sodium bisulphite solutions. In general 
the methods of Phillips e¢ al. were used (Elsworth & 
Phillips, 1938, 1941; Middlebrook & Phillips, 1942a, b; 
Carter et al. 1946). Treatments were carried out using cold 
and boiling solutions. In the former case, wool (0-2 g.) was 
treated with 100 times its weight of 30% (w/v) NaHSO, for 
18 hr. at 21°, while in the latter, boiling was carried out for 
30 min. When fraction (A +B) was being estimated, the 
wool was removed, squeezed and hydrolysed in 5n-HCl 
for 4hr. For determining cystine subfraction B (water 
stable), the bisulphite-treated wool was rinsed in three 
changes of distilled water (200 ml.) for 10 min. in each 
change, and then immersed overnight in 2 1. distilled water. 
After squeezing, it was hydrolysed as above. 

Reduction with thioglycollic acid. Wool was reduced by 
treatment at 35° for 18 hr. with 50 times its weight of 
0-5m thioglycollic acid brought to pH 4-8 with NaOH 
(Patterson, Geiger, Mizell & Harris, 1941). The wool was 
then rinsed in water, ethanol and‘finally water. 

Alkylation of reduced wool. Wool, reduced as above was 
alkylated with methyl iodide or ethyl iodide by treatment 
at 35° for 18 hr. with 100 times its weight of a phosphate 
buffer (0-2mM-Na,HPO,-KH,PO,) at pH 7-5, to which had 
been added methy] iodide (0-12 ml./g. wool) or ethyl iodide 
(0-16 ml./g. wool). It was then thoroughly rinsed with 
distilled water. 

Cross-linking of reduced wool with alkylene dihalides. 
Wool, reduced as above, was treated with methylene 
diiodide (0-16 ml./g. wool) and ethylene dibromide (0-20 
ml./g. wool) under the same conditions as those used in 
alkylation. 

Treatment with phenyl isocyanate. Wool, dried in an oven 
at 105° for 4hr. and then for 24hr. over phosphorus 
pentoxide in vacuo, was treated with phenyl isocyanate 
(2 ml./g. original wool) in anhydrous pyridine (18 ml./g. 
original wool) for 72 hr. at 70°. The reaction was terminated 
by addition of water. The wool was then rinsed with 
ethanol, extracted with ether and rinsed thoroughly in 
distilled water (Farnworth, 1955). 

Acetylation. Wool was boiled in acetic anhydride under 
reflux for 30 min. followed by prolonged rinsing with water 
to remove excess reagent. 

Treatment with alkali. Wool was treated with 0-1n-NaOH 
(1 1./g. wool) at 22° for 24 hr. followed by prolonged rinsing 
with distilled water. 
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Thiol and disulphide estimations. Analyses for thiol-S 
and disulphide-S were carried out on the hydrolysate by the 
method of Shinohara (1935a-c). The results are expressed 
as a percentage sulphur on the weight of the oven-dry wool. 


RESULTS 


Reaction of untreated wool with sodium bisulphite 
solution. In order to confirm the existence and 
assess the proportions of the cystine fractions of 
Phillips in the wool being used, both wools were 
treated with cold and boiling solutions of sodium 
bisulphite, with and without subsequent rinsing 
before hydrolysis. 

Table 1 shows the results obtained from analyses 
of wools before and after treatment with bisulphite 
and rinsing in various ways. 
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fraction (C+D) is 1:25% and subfraction C is 
0:56 %. These values, together with their relation- 
ship to one another and to the total disulphide §, 
are shown in Table 2. 

It is seen that there are slight variations between 
the various values for the two wools, and also from 
the 64’s Cape merino wool used by Phillips and his 
colleagues, the figures for which are included for 
comparison. These latter figures were obtained 
from the analytical data of Middlebrook & Phillips 
(19425). 

Apart from these slight differences, the only 
major discrepancy between the various sets of 
figures is in the relative magnitude and ratio of 
subfractions A and B. In the present work the ratio 
A/B is very nearly 3, as against a ratio of 1 for the 


Table 1. The thiol-S and disulphide-S contents of bisulphite-treated wools 


Values are expressed as percentage of dry weight of wool. 


Wool Treatment 

58-60’s None 
Cold bisulphite, unrinsed 
Cold bisulphite, rinsed 
Boiling bisulphite, unrinsed 
Boiling bisulphite, rinsed 

64’s None 


Cold bisulphite, unrinsed 
Cold bisulphite, rinsed 
Boiling bisulphite, unrinsed 
Boiling bisulphite, rinsed 


Thiol-S Disulphide-S_ — Thiol + disulphide-S 
0-06 2:97 3-03 
1-78 0-94 2-72 
0-47 2°35 2-82 
1-81 0-57 2-38 
0-57 1-90 2-47 
0-11 2-99 3-10 
1-85 0-96 2-81 
0-49 2-49 2-98 
1-93 0-56 2-49 
0-51 2-16 2-67 


Table 2. The relative proportions and relationship of the various cystine subfractions in 64’s and 58-60’s wool 


For definition of subfractions see text. S values are expressed as percentage of dry wt. of wool. 


Fraction (A + B)-S 

(A + B)/total disulphide-S 
Subfraction A-S (by difference) 
Subfraction B-S 

A/B 

Fraction (C + D)-S (by difference) 
(C + D)/total disulphide-S 
Subfraction C-S 

Subfraction D-S (by difference) 
C/D 


In calculating the values for the various fractions 
and subfractions, the more direct method of Lindley 
(1948) has been used in preference to that of Carter 
et al. (1946), in which the non-disulphide sulphur 
initially present in the wool is included with 
fraction (C+D), and various other assumptions are 
made. Such calculations show that for the 58—60’s 
wool, fraction (A+B) amounts to 1:78% S, of 
which 0-47 % is in subfraction B. Fraction (C+D), 
obtained by difference, is 1-25 % 8, of which 0-57 % 
is in subfraction C. In the case of the 64’s wool, 
fraction (A +B) is 1-85 %, subfraction B is 0-49 %, 


64’s Cape wool 


58-60’s wool 64’s wool used by Phillips 
1-78 1-85 1-86 
0-59 0-60 0-57 
1-31 1-36 0-94 
0-47 0-49 0-92 
2-8 2-8 1-0 
1-25 1-25 1-39 
0-41 0-40 0-43 
0-57 0-56 0-67 
0-68 0-69 0-72 
0-8 0-8 0-9 


wool used by Phillips and his co-workers. These 
workers have pointed out that the difference 
between A and B is not nearly so marked as that 
between (A4+8) and (C+D), and the wide dis- 
crepancy between their results for the ratio A/B 
and those of the present work also seems to suggest 
that there is no clear-cut division between these 
two subfractions. In fact, it is felt that in the case 
of the reaction under consideration—namely, that 
with sodium bisulphite solutions—the difference 
does not actually exist, because if the rinsing is 
carried out with running distilled water for 48 hr., 
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the residual thiol-S is further reduced to 0-26 % in 
the case of the 58-60’s wool. This gives a value of 
0-26 % for subfraction B, 1-52 % for subfraction A 
and 5-8 for the ratio A/B. Carter et al. (1946) 
showed that the relative magnitudes of A and B 
vary considerably with the pH and composition of 
the rinsing solution. 

The effect of modification of the cystine linkages on 
the reaction of wool with sodium bisulphite and thio- 
glycollic acid. Middlebrook & Phillips (19426) 
showed that molar solutions of thioglycollic acid at 
pH 4:5 and 35° reduced the cystine linkages of wool, 
and that subsequent treatment with cold NaHSO, 
solutions produced no further change. Patterson 
et al. (1941) had shown that increasing the concen- 
tration of thioglycollic acid to 2M at pH 4-5 gave 
very little more reduction, and Phillips and his 
colleagues came to the conclusion that reduction 
with thioglycollic acid under these conditions 
reached a limiting valué and was confined to 
fraction (A +B). 


REACTION OF WOOL WITH REDUCING AGENTS 


629 


In order to investigate these claims fully, wool has 
been reduced with thioglycollic acid solutions and 
then subjected to treatment with NaHSO, and also 
to further reduction with thioglycollic acid. In 
addition, after the initial reduction, the thiol groups 
have been alkylated with alkyl halides or cross- 
linked with alkylene dihalides, and the wool further 
treated with NaHSO, or thioglycollic acid. The 
results obtained for the thiol-S and disulphide-S of 
these various wools are shown in Tables 3 and 4. 

In calculating the values for fraction (A + B) it has 
been necessary to make certain corrections in some 
cases, to allow for the free thiol-S present in the 
wool after alkylating or cross-linking and before the 
treatment with bisulphite or the second reduction 
with thioglycollic acid. Furthermore, during the 
alkylation or cross-linking procedure, in some cases 
part of the thiol-S reverts to disulphide-S. This 
would no doubt be re-converted to thiol-S during 
subsequent reduction with bisulphite or thio- 
glycollic acid and would lead to an incorrect figure 


Table 3. The thiol-S and disulphide-S of wool treated with bisulphite after modification 
of the cystine linkages (58—60’s wool) 


For details of calculations see text. S values refer to dry wool. 


Thiol-S 
Treatment of wool (% 

None 0-06 

Reduced with thioglycollic acid 1-75 

Reduced with thioglycollic acid followed 2-03 
by cold NaHSO, 

Reduced with thiogiycollie acid followed 2-04 
by boiling NaHSO, 

Reduced with thioglycollic acid followed 0-08 
by methylation 

Reduced and methylated followed by 0-61 
cold NaHSO, 

Reduced and methylated followed by 0-99 
boiling NaHSO, 

Reduced with thioglycollic acid followed 0-13 
by ethylation 

Reduced and ethylated followed by 0-81 
cold NaHSO, 

Reduced and ethylated followed by 1-14 
boiling NaHSO, 

Reduced with thioglycollic acid followed 0-71 
by cross-linking with methylene diiodide 

Reduced and cross-linked followed by 1-06 
cold NaHSO, 

Reduced and cross-linked followed by 1-37 
boiling NaHSO, 

Reduced with thioglycollic acid followed 0-16 
by cross-linking with ethylene dibromide 

Reduced and cross-linked followed by 0-69 
cold NaHSO, 

Reduced and cross-linked followed by 0-83 


boiling NaHSO, 


Thiol + Fraction 
Disulphide-S__disulphide-S (A+ B)-8 (A + B)/total 
(%) (%) (%) disulphide-S 
2-97 3-03 1-78 0-59 
1-08 2-83 1-75 0-58 
0-76 2-79 2-03 0-67 
0-39 2-43 2-04 0-67 
1-17 1-25 —— —- 
0-74 1-35 2-19 0-72 
0-21 1-20 2-59 0-85 
1-37 1-50 —_ — 
0-81 1-62 2-14 0-71 
0-35 1-48 2-47 0-82 
1-50 2-21 — — 
0-94 2-10 1-68 0-55 
0-61 1-98 1-99 0-66 
1-36 1-52 — — 
0-76 1-45 2-00 0-66 
0-60 1-43 2-14 0-71 
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for ‘new’ thiol-S unless allowance was made for it. 
Thus, in Table 3, analysis after cold bisulphite 
solution has reacted with reduced and methylated 
wool shows a thiol-S content of 0-61%, of which 
0-08 % was present after methylation and before 
treating with bisulphite. Hence the bisulphite 
treatment has produced an additional 0-53 % of 
thiol-S. However, during methylation it is seen 
that the disulphide-S rose from 1-08 to 1-17%, 
indicating that 0-09 % thiol-S has been reoxidized 
to disulphide-S, i.e. 0-09 % of fraction (A+B) has 
reverted to disulphide-S. It is reasonable to assume 
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that this disulphide-S would once again be reduced 
to thiol-S during the bisulphite treatment, so that, 
of the 0:53% additional thiol-S thus produced, 
0-09 % has already been included in the original 
(A+B) fraction (1-75%) shown after the initial 
reduction with thioglycollic acid. Hence the total 
thiol-S after the complete reduction-methylation- 
bisulphiting sequence is given by the thiol-S after 
the initial reduction (1-75 %) plus the new thiol-S 
arising from the action of bisulphite on the disulphide 
bonds still intact after the initial reduction (0-53 — 
0-09=0-44%), a total of 2.19%. Fraction (A+B) 


Table 4. The thiol-S and disulphide-S contents of wools reduced with thioglycollic acid 
after modification of the cystine linkages 


For details of calculations see text. S values refer to dry wool. 


Thiol + Fraction 
Thiol-S Disulphide-S _disulphide-S (A +B)-S (A + B)/total 
Treatment (%) (%) (%) (%) disulphide-S 
64’s wool 

None 0-11 2-99 3-10 1-61 0-52 

Reduced with thioglycollic acid 1-75 1-08 2-83 1-75 0-56 

Reduced with thioglycollic acid followed 1-86 0-98 2-84 1-86 0-60 
by a second reduction with thioglycollic 
acid 

Reduced with thioglycollic acid followed 0-14 1-06 1-20 _— _— 
by cross-linking with ethylene dibromide 

Reduced and cross-linked followed by a 0-42 0-82 1-24 2-03 0-65 
second reduction with thioglycollic acid 

58-60’s wool 

None 0-06 2-97 3-03 1-78 0-59 

Reduced with thioglycollic acid 1-66 1-17 2-83 1-66 0-55 

Reduced with thioglycollic acid followed 1-89 0-96 2-85 1-89 0-62 
by a second reduction with thioglycollic 
acid 

Reduced with thioglycollic acid followed 0-50 1-38 1-88 — — 
by cross-linking with methylene diiodide 

Reduced and cross-linked followed by a 0-93 0-94 1-87 1-88 0-62 
second reduction with thioglycollic acid 

Reduced with thioglycollic acid followed 0-03 1-13 1-16 — — 
by methylation 

Reduced and methylated followed by a 0-50 0-50 1-00 2-13 0-70 
second reduction with thioglycollic acid 

Reduced with thioglycollic acid followed 0-10 1-08 1-18 — — 
by ethylation 

Reduced and ethylated followed by a 0-61 0-60 1-21 2°17 0-72 
second reduction with thioglycollic acid 

Reduced with thioglycollic acid 1-75 1-08 2-83 1-75 0-58 

Reduced with thioglycollic acid followed 0-08 1-17 1-25 1-76 0-58 
by methylation 

Reduced and methylated followed by a 0-03 0-77 0-80 2-03 0-67 
second reduction with thioglycollic acid 
and a second methylation 

Three successive alternate reductions and 0-04 0-45 0-49 2-34 0-77 
methylations 

Four successive alternate reductions and Nil 0-42 0-42 2-41 0-80 
methylations . 

Five successive alternate reductions and Nil 0-31 0-31 2-52 0-83 


methylations 
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after the complete sequence is therefore 2-19. 
Whilst such corrections are not of any great signifi- 
cance in this case, they do assume much greater 
significance with other treatments. Thus, during 
cross-linking with methylene diiodide (Table 3) 
0-42 % of fraction (A + B) thiol-S apparently reverts 
to disulphide-S, and, in addition, the wool still 
contains 0-71 % free thiol-S before the treatment 
with bisulphite is commenced. Hence the thiol-S 
produced by boiling bisulphite solution additional 
to that formed during the initial reduction with 
thioglycollic acid is not 1-37 % as would appear at 
first glance, but 1-37 — (0-42 + 0-71) = 0-24 %. Hence 
the total thiol-S (4 +B) after the complete reduc- 
tion-cross linking—bisulphiting sequence is 1-75+ 
0:24= 1-99 %. 

The effect of modification of the polar side chains 
on the reaction of wool with sodium bisulphite, thio- 
glycollic acid and sodium hydroxide. In view of the 
suggestion that fraction (A + B) of the cystine is in 
the vicinity of polar side chains which confer 
enhanced reactivity on these linkages, it would 
appear that conversion of the polar side chains into 
less polar or non-polar groups should lead to a 
decreased reactivity of the (A + B) cystine. There is 
some evidence in favour of this, as Lindley & 
Phillips (1947) found that the magnitude of fraction 
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(A +B) was decreased by deamination and also by 
acetylation with boiling acetic anhydride. 

To investigate this matter further an alternative 
means of blocking polar side chains was desired, 
preferably one which did not introduce any colora- 
tion of the wool, as any such coloration would lead to 
interference with the colorimetric method used for 
analysis of thiol-S and disulphide-S. Such inter- 
ference resulted when the amino side chains were 
blocked by treatment with 1-fluoro-2:4-dinitro- 
benzene, using the conditions recommended by 
Sanger (1945). 

Phenyl isocyanate has been made to react with 
wool under anhydrous conditions, reaction occurring 
with virtually all the polar side chains. Further- 
more, it has been found that acetylation with 
boiling acetic anhydride also leads to extensive 
reaction with the polar side chains (Farnworth, 
1955). Hence, wools modified by treatment with 
phenyl isocyanate and also by acetylation have been 
examined as to their behaviour towards sodium 
bisulphite and thioglycollic acid. The effect of 
sodium hydroxide solution on such modified wools 
has also been examined, as the cystine linkages in 
wool are very susceptible to attack by alkali. 

The results of these experiments are given in 
Table 5. 





Table 5. The thiol-S and disulphide-S contents of wools treated with sodium bisulphite, thioglycollic acid 
and sodium hydroxide after modification of the polar side chains (64’s wool) 


8 values refer to percentage of dry wt. of wool. 


Thiol-S Disulphide-S 
Treatment (%) (%) 
None 0-11 2-99 
Cold bisulphite solution 1-85 0-96 
Boiling bisulphite solution 1-93 0-56 
Thioglycollic acid 1-75 1-08 
0-1n-NaOH (1 1./g. wool) Nil 1-10 
22°, 24 hr. 
Acetylated 0-13 2-59 
Acetylated followed by cold 1-17 1-62 
bisulphite solution 
Acetylated followed by 1-26 1-40 
boiling bisulphite solution 
Phenyl isocyanate Nil 2-79 
Phenyl] isocyanate followed 0-07 2-77 
by cold bisulphite solution 
Phenyl isocyanate followed 0-49 2-22 
by boiling bisulphite solution 
Phenyl isocyanate followed 0-08 2-72 


by thioglycollic acid 

Pheny] isocyanate followed Nil 2-79 
by 0-1n-NaOH (1 1./g. wool) 
22°, 24 hr. 





Thiol + Fraction 

disulphide-S (4+B)-8 (A + B)/total 
(%) (%) disulphide-S 
3-10 — — 
2-81 1-85 0-60 
2-49 1-93 0-62 
2-83 1-75 0-56 
1-10 cas Abs 
2-72 — — 

Cc — c 
Max. Min. Max. Min. 

2-79 1:57 1-17 0-51 0-38 
2-66 1-66 1-26 0-54 0-41 
2-79 eh, tees roe. ann 
2-84 0-27 0-07 0-09 0-02 
2-71 0-69 0-49 0-22 0-16 
2-80 0-28 0-08 0-09 0-03 
2-79 ane we Neale 
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It will be noticed that a maximum and minimum 
value is given for fraction (A + B) after reduction of 
the acetylated and phenyl] zsocyanate-treated wool. 
This has been done because there is a slight loss of 
disulphide-S during the acetylation (0:-4%) and 
phenyl isocyanate (0:2%) treatments. Most 
probably the cystine linkages degraded during these 
treatments would be from the (A + B) fraction, and 
if this assumption is made, then the amount of 
disulphide-S so lost must be added to the thiol-S 
produced during the subsequent reduction with 
NaHSO, or thioglycollic acid, and the maximum 
values shown in the table have been obtained in this 
way. On the other hand, if none of the degraded 
cystine belongs to the (A+ 8) fraction, then the 
thiol-S contained in the wool after treatment with 
NaHSO, and thioglycollic acid would represent the 
true (A + B) fraction. The minimum values shown in 
the table have been calculated on this basis. 

The reformation of cystine from reduced cystine 
linkages. Under certain circumstances it has been 
found possible to induce reduced cystine linkages to 
revert to cystine. In fact, the original subdivision of 
fraction (A+ 8) into subfractions A and B was 
based on the lability to water of the thiol and 
sodium cysteine sulphonate groups formed during 
the bisulphiting of wool (Carter et al. 1946), as 
rinsing with water after bisulphiting led to a loss 
of thiol-S and an increase in disulphide-S in the 
hydrolysate. These workers have shown that 
reversion to cystine is at a minimum with acidic 
rinsing solutions but increases with increasing pH, 
maximum reversion occurring in an alkaline 
medium. Speakman (1936) showed that some of the 
thiol groups produced by reduction of wool with 
thioglycollic acid could be reoxidized to cystine 
linkages by means of hydrogen peroxide. 

Two other observations worthy of note have been 
made in connexion with the reversion of broken 
cystine linkages. (a) When wool reduced with 
thioglycollic acid is treated with cold NaHSO, 
solution and then rinsed with water according to 
the conditions outlined in the experimental section, 
there is a decrease in thiol-S of approximately 0-5 %, 
the disulphide-S increasing accordingly. If boiling 
NaHSO, solution is used followed by rinsing with 
water, the thiol-S decreases by 1-4%, there being 
a corresponding increase in the disulphide-S. In 
this latter case, the thiol-S is decreased from 1-75 %, 
in the initially reduced wool to 0-41% in the bi- 
sulphited and rinsed wool. (b) When wool reduced 
with thioglycollic acid is heated in anhydrous 
pyridine at 70° for 72 hr., the thiol-S is decreased to 
less than 15% of its initial value, the disulphide-S 
showing a quantitatively corresponding increase. 
Apparently, heating under these conditions leads 
to re-oxidation of the major portion of the thiol 


groups. 
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DISCUSSION 


Throughout the discussion it has been found con- 
venient to refer to the (A + B)-S as a proportion of 
the total disulphide-S present in the original wool. 

The results of the present work are in agreement 
with the very large amount of evidence put forward 
by Phillips and his colleagues for the variation in 
reactivity of the cystine in wool. However, the aim 
of this work has been to attempt to find convincing 
evidence for the influence of adjacent amino acids in 
the protein chain. The bulk of the evidence appears 
to be against the idea of some cystine linkages being 
activated by an environment of polar side chains. 
Thus in Table 4 it is seen that a second successive 
reduction with thioglycollic acid gives a slight 
increase in thiol-S, the (A +8)/total disulphide-S 
ratio increasing to about 0-6. However, when the 
thiol groups are methylated or ethylated prior to 
a second reduction with thioglycollic acid, there is 
a more marked secondary reduction, the (A + B)/ 
total disulphide-S ratio increasing to 0-7; if repeated 
successive reduction and methylation is carried out, 
the ratio rises to 0-83 after five such cycles. At this 
stage, only 0-31 % disulphide-S remains unchanged. 
Similar behaviour has been observed by Geiger, 
Kobayashi & Harris (1942). In the original division 
of the cystine into its various fractions on the basis 
of the reaction with sodium bisulphite, the ‘inert’ 
subfraction C amounted to 0-56 %. Hence virtually 
all the cystine in wool, including the chemically 
‘inert’ portion, can be induced to react with thio- 
glycollic acid under conditions which normally 
lead to reaction with only slightly more than 50% 
of the total disulphide-S, provided that the thiol 
groups are progressively alkylated. A possible 
explanation could be that a state of equilibrium is 
reached between a reversible oxidation-reduction 
system in solution and a similar system in the wool. 
The equilibrium point would be altered either by 
removal of the disulphide formed from thioglycollic 
acid by renewal of the reduction liquor, or by 
alkylation of the thiol groups in the wool. An 
alternative explanation is that breakdown of some 
of the disulphide groups renders the remaining 
groups more accessible to the reagent, allowing their 
reduction to proceed. The results of Table 4 seem to 
point to the second explanation as being more 
probable, as cross-linking of the thiol groups with 
a methylene group before the second treatment with 
thioglycollic acid prevents any additional reduction 
from taking place. When the cross-linking group is 
increased in size, some additional reduction does 
take place, but not to the same extent as when 
alkylation is used to block the thiol groups. Cross- 
linking by means of alkylene dihalides would be as 
effective as alkylation in upsetting an oxidation- 
reduction system. 
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Similar but far more convincing evidence for this 
behaviour is obtained from the results in Table 3. 
When wool in which the cystine linkages of fraction 
(A+B) have been converted into thiol groups by 
reduction with thioglycollic acid is treated with 
bisulphite solutions, there is a slight increase in the 
ratio (A+B)/total disulphide-S. However, when 
the thiol groups are alkylated before treating with 
bisulphite, there is a marked increase in the ratio 
following treatment with cold bisulphite solutions 
and a very considerable increase when treated with 
boiling bisulphite solutions. Thus when the thiol 
groups after thioglycollic reduction are methylated, 
boiling bisulphite increases the (4 +8B)/total di- 
sulphide-S ratio from 0-58 to 0-85. The residual un- 
changed disulphide-S after such treatment is only 
0-21 %, a value considerably lower than the 0-57 % 
‘inert’ subfraction C of the original subdivision. 
Furthermore, the thioglycollic reduction—alkyla- 
tion—bisulphite procedure leads to the formation of 
only one reaction product, namely thiol and cysteine 
sulphonate groups, the latter being converted into 
thiol groups on hydrolysis prior to analysis. The 
characteristic properties of fraction (C+D) on 
which the original division was based were that it 
was less reactive than fraction (A + B) and followed 
a different reaction mechanism, giving rise to 
combined «-aminoacrylic acid with complete loss of 
sulphur when treated with boiling bisulphite solu- 
tions. Hence, the present results are in direct 
contrast with this, all the subfractions having 
reacted according to one mechanism to give thiol 
groups, irrespective of whether the bisulphite 
solutions used are cold or boiling. 

When the thiol groups resulting from the initial 
reduction are cross-linked through a methylene 
group, subsequent bisulphiting is ineffective except 
in boiling solution, and even under these cireum- 
stances the extent to which reaction occurs is not 
very great. When a longer cross-linkage is inserted 
by using ethylene dibromide, reaction with bisul- 
phite occurs to a degree intermediate between 
alkylation, which leaves the cystine linkages 
permanently broken, and cross-linking through the 
short methylene bridge. It is difficult to explain 
these results other than on the grounds of increased 
accessibility of the (C+D) disulphide-S after 
rupture of the (A + B) cystine linkages. 

It appears, therefore, that the various sub- 
fractions of the cystine in wool are not as clearly 
defined as was considered to be the case. In fact, 
by suitable choice of conditions it is possible to 
induce virtually all the cystine to react according to 
one reaction mechanism. 

When the polar side chains are modified by 
acetylation or treatment with phenyl zsocyanate, an 
overall decrease in cystine reactivity is observed 
(Table 5). Thus, for the reaction with cold bisulphite 
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solutions, the ratio (A+B)/total disulphide-S is 
decreased from 1-85 for untreated wool to 1-57 for 
acetylated wool and 0-27 for phenyl isocyanate- 
treated wool, even when using the maximum 
figures for fraction (A+B). If the minimum figures 
are considered, the decreases in (A+B) are much 
greater. Similar decreases in the ratio (A + B)/total 
disulphide-S are observed when boiling bisulphite 
solution or thioglycollic acid is used. Since acetic 
anhydride and phenyl isocyanate each react 
extensively with the polar side chains in wool it 
might be expected that, if the effect on cystine 
reactivity was due to the conversion of the polar 
environment of fraction (A + B) into a less polar one, 
both reagents may behave similarly, and result in 
a similar decrease in (A+8) and an increase in 
(C+D). However, whereas acetylation leads to a 
marked decrease in the ratio (A+8)/total disul- 
phide-S, treatment with phenyl isocyanate almost 
completely destroys the reactivity of the cystine 
linkages in wool. That this behaviour is not confined 
to the effect of reducing agents is shown by the 
experiment with sodium hydroxide. Under the 
conditions used, some 65 % of the disulphide-S in 
untreated wool is decomposed by sodium hydroxide, 
whereas with phenyl isocyanate-treated wool there 
is no change in the disulphide-S content. 

The original subdivision of fraction (A +B) was 
based on the lability to water of the thiol and 
cysteine sulphonate groups resulting from treatment 
with cold bisulphite solutions, although it was 
pointed out that the relative magnitude of these 
subfractions was influenced by the conditions used 
in rinsing. A more definite differentiation between 
A and B was given by the reaction of thioglycollic- 
reduced wool with methylene diiodide and formalde- 
hyde. The former reagent was found to react with 
only subfraction A to give combined djenkolic acid, 
whilst formaldehyde reacted with subfraction A to 
give combined djenkolic acid and also with sub- 
fraction B to give combined thiazolidine-4-carboxy- 
lic acid (Middlebrook & Phillips, 1947). It was 
suggested that the cystine linkages of subfraction A 
which are capable of undergoing reversion after 
preliminary rupture with bisulphite, and of being 
recombined through a methylene group after 
rupture with thioglycollic acid, are in the vicinity of 
salt linkages, the effect of which is to prevent 
separation of the two sulphur atoms after rupture of 
the linkage. The linkages incapable of being re- 
united once broken (subfraction B) were suggested 
as being in the vicinity of acid amide groups which 
are incapable of forming salt linkages. It is difficult 
to reconcile this view with the almost complete 
reversion to intact cystine linkages of the thiol 
groups produced by reduction with thioglycollic 
acid on subsequently heating the reduced wool in 
pyridine. It may be argued that separation of the 





634 


sulphur atoms only occurs by virtue of the swelling 
associated with an aqueous medium. However, 
pyridine is also capable of swelling wool fibres to a 
reasonable extent. 

The preceding results and discussion do not lend 
very much support to the suggestion that some of 
the cystine linkages in wool are activated by an 
environment of polar side chains, and alternative 
ideas have been considered. The recent discovery of 
Horio & Kondo (1953) and Mercer (1953) that the 
cortex of wool fibres is composed of two different 
proteins, one of which is considerably more re- 
sistant to chemical attack than the other, offered 
a possible explanation, but Fraser, Lindley & 
Rogers (1954) have shown that the more resistant 
portion is much richer in disulphide linkages. 
Mercer, Golden & Jeffries (1954) have suggested 
that the cystine in the more reactive orthocortex 
behaves in much the same manner as is associated 
with fraction (A+B) and that there is about twice 
as much cystine in the less reactive paracortex as in 
the orthocortex. These ideas are not in keeping with 
the approximate equivalence of fractions (A +B) 
and (C+D) as assessed on the initial reaction with 
reducing agents. 

The results, however, do point fairly consistently 
to accessibility of cystine linkages to the reagent as 
being of some importance in deciding the degree, and 
to a lesser extent the mechanism, of a particular 
reaction. Lindley (1948) has shown that the cystine 
of some non-fibrous proteins, including soluble 
proteins, shows a similar variation in reactivity and 
has suggested that this is not in keeping with a 
difference in accessibility as being the cause of the 
variation. This may be the case if accessibility is 
interpreted in terms of crystalline and amorphous 
regions of a fibrous protein. However the experi- 
ments using acetylated and phenyl isocyanate- 
treated wools seem to point to steric factors as a 
possible cause of the variation in reactivity. An 
overall decrease in reactivity is brought about by 
the substitution of an acetyl group on the ends of 
polar side chains, and when the size of this substi- 
tuent group is increased to that of a phenyl group, 
the reactivity is almost completely destroyed. 

It may be that in the untreated wool some of the 
cystine linkages are protected by an environment of 
bulky side chains offering steric hindrance to the 
approach of other molecules. Consden & Gordon 
(1950), by means of chromatographic studies of 
partial hydrolysates of wool, have isolated dipep- 
tides of cystine with most of the other amino acids in 
wool and concluded that most of the mono amino- 
mono carboxylic acids are combined boththrough 
their amino and carboxyl groups to residues of 
cystine. Consden, Gordon & Martin (1949) found 
some peptides of cystine with dicarboxylic amino 
acids in partial hydrolysates of wool. Hence there 
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is considerable evidence for cystine being in close 
proximity to amino acid residues having both long 
and short side chains. 

Whilst it is possible to ascribe the variation in 
degree of reactivity of the cystine linkages to steric 
hindrance by bulky side chains, this does not ex- 
plain the different reaction mechanism and ultimate 
products which do undoubtedly arise in some 
instances as shown by Phillips and his colleagues. 
If the different products arise solely from the more 
drastic conditions necessary to induce the less 
reactive portion to undergo reaction, there does not 
seem to be any convincing reason why all the cystine 
should not then undergo the alternative reaction. 
For example, if cold bisulphite solutions react 
readily with part of the cystine to give thiol and 
cysteine sulphonate groups, but boiling solutions, 
which are necessary to reach the remainder of the 
cystine, lead to the formation of combined «-amino- 
acrylic acid, then it might reasonably be expected 
that all the cystine would give combined «-amino- 
acrylic acid under these conditions, if accessibility 
were the only factor governing the reactivity. It 
must be concluded, therefore, that accessibility is 
only one factor. 

Recent work on oxytocin, vasopressin and insulin 
has shown that some of the cystine is in the form of 
intramolecular linkages with the two half-cystine 
residues in a 1:6 relationship along the chain. 








R 
Peptide | Peptide 
NH.CH.CO.(NH.CH.CO),.NH.CH.CO 
chain | | chain 
CH, 8.8 CH, 


Some fundamental structural difference such as 
this would be more in keeping with the observed 
differences in reaction mechanism and products 
than the influence of side chains. Furthermore, it is 
probable that such laterally situated disulphide 
bonds would be less protected by bulky side chains 
than would the conventional cross-linkages. How- 
ever, there is no convincing evidence for, or against, 
the existence of this type of structure in wool. 


SUMMARY 


1. The reactivity of the cystine linkages in wool 
towards reducing agents has been investigated 
before and after modification of the wool in various 
ways. 

2. Reduction and alkylation of part of the 
cystine (the (4+ 8) fraction) allows the remainder 
(the (C + D) fraction) to react with sodium bisulphite 
and thioglycollic acid under conditions where it is 
normally inert. The reaction products are then the 
same as normally obtained with fraction (A + B). 

3. In contrast with this, reduction followed by 
cross-linking of the thiol groups from fraction 
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Most substances, such as amino acid analogues, 
which inhibit protein formation by bacteria, do so 
in a non-specific manner. That is, the formation of 
all protein ceases and growth stops when they are 
added to the culture medium. Any substance which 
acts upon the formation of a single protein or group 
of proteins is likely to be a valuable tool in studying 
biosynthetic processes. The present work describes 
the effect of some negatively charged polymers upon 
cultures of staphylococci. The liberation into the 
culture fluid of a group of extracellular enzymic 
proteins is inhibited, but growth of the organisms is 
not impaired. These extracellular enzymes are not 
essential for growth under the conditions chosen. 
Recently, considerable attention has been paid to 





the ability of synthetic charged polymers, ‘macro- 
anions’ and ‘macrocations’, to inhibit the action of 
formed enzymes (cf. Spensley & Rogers, 1954, for 
some references). These studies have not, however, 
been extended to the effects of macro-ions upon 
living cells. An exception is the study by Katchalski, 
Bichowski-Slonmitzki & Volcani (1953) of the 
growth inhibition of Escherichia coli and Staphylo- 
coccus aureus by the macrocations polylysine and 
polyarginine. Polyglutamic and polyaspartic acids, 
two macroanions examined by these authors, did 
not inhibit growth. 

The ability of some macroanions to inhibit the 
liberation of at least two extracellular enzymes in 
cultures of staphylococci is proved in the work 





636 


described below but it is not yet possible to say with 
certainty that the polymer prevents the formation 
of these enzymes by the cells. 


METHODS 


Hyaluronidase and extracellular trichloroacetic acid pre- 
cipitable protein in samples of the culture supernatant 
fluids were estimated and the results expressed as pre- 
viously described (Rogers, 1954). Crystalline bovine serum 
albumin (Armour Fraction V) was used as the standard in 
the protein estimations. Growth was measured by the 
optical opacity of suitably diluted suspensions to light of 
wavelength 640 mp. The results, expressed as mg. dry 
weight/ml. of culture, were interpolated from a standard 
curve relating dry weight to opacity; dry weights were 
determined by heating washed suspensions of the organisms 
to constant weight at 105°. Radioactive measurements on 
cell pastes were made by transferring the paste to 2 sq.cm. 
polythene disks, freezing and drying. The pad of dried 
organisms was then pressed flat with a plunger. A suffi- 
cient mass of organisms (>40 mg. for a 2 sq.cm. disk) was 
used to enable the pad to be considered of ‘infinite thick- 
ness’ in the calculations following the radioactive count. 
A thin end window Geiger—Miiller counter was used and the 
minimum number of counts recorded in the experimental 
work was 2400; the error on such a count is about 2%. The 
amount of inhibitor fixed to the cells was calculated 
directly from the dilution of the labelled inhibitor. 

Organisms and conditions of growth. The variant of 
Staphylococcus aureus strain 524, isolated previously by 
single cell manipulation (Rogers, 1953) which produces 
potent hyaluronidase has been used for the hyaluronidase 
work described here. This organism has been maintained in 
dried culture since its isolation. Intermittently the culture 
has been revived, overnight cultures plated on nutrient agar 
plates, and the enzyme-forming capacity of twenty indi- 
vidual colonies examined. When grown under the conditions 
previously described (Rogers, 1953) the enzyme potency 
still reaches 200-300 turbidity reducing units (T.R.U.’s) of 
hyaluronidase per ml. of culture supernatant. Frequently in 
the present work rather thick suspensions of the organisms 
in broth (=about 1 mg./ml. dry weight) have been used and, 
under such conditions, growth is slow and non-logarithmic. 
The potency of enzyme formed isthen less and more variable 
than with the much smaller inoculum hitherto used. 

When coagulase formation was to be examined, Staphylo- 
coccus aureus strain Newman was used. The conditions for 
its cultivation were the same as those for strain 524 of the 
organism. 

Two media have been used in the present work (a) 
Hedley Wright broth buffered with either 25% Na B- 
glycerophosphate or 0-1m Sgrensen phosphate buffer at 
pH 7-0 and with a final glucose concentration of 0-25% 
(w/v); (6) the casein hydrolysate medium B (Rogers, 1945). 
Inorganic phosphate buffer has also been satisfactorily 
substituted for glycerophosphate in medium (6). The total 
omission of the extra buffer has been found to lead to a 
rapid destruction of hyaluronidase after its formation 
period. All the cultures were incubated at 35° in lightly 
plugged Ehrlenmeyer flasks of capacity 5 times that of the 
volume of culture, and shaken on a machine of the type 
described by Kantorowicz (1951) at the rate of 88 times per 
min. with a horizontal traverse of 8 cm. 
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Inhibitors 


The hydroquinone-sulphonic acid—formaldehyde poly- 
mer (or, more briefly, ‘ polyhydroquinone-sulphonate’) was 
prepared as previously described (Rogers & Spensley, 1954) 
and for the experiments discussed here only that portion of 
the initial crude polymer not dialysable through cellophan 
has been employed. For convenience this material is 
generally referred to below by the Code no. 53D. Two 
batches of this material, 53 Dg and 53D,, have been used 
for the work to be described. They both behaved identic- 
ally. When labelled polymer was required the method of 
preparation was the same except that [14C]formaldehyde 
was used. A specimen of 53D having a specific activity of 
0-305 wc/mg. was then obtained. The radioactive formalde- 
hyde was obtained by a slight modification of the method 
described by Arnstein (1951); we are indebted to Dr 
H. R. V. Arnstein for the use of the apparatus and for much 
helpful advice. 

The polyphloretin phosphate was kindly given us by 
Dr Hégberg of Aktiebolageb Leo, Hiilsingborg, and Dr J. E. 
Lovelock of this Institute provided the sample of sul- 
phonated polystyrene. The styrene—maleic acid co-polymer 
was made available to us by the courtesy of Messrs Glaxo 
Laboratories Ltd. 

A specimen of this last material was modified by sul- 
phonation which was achieved by heating at 100° with an 
excess of concentrated sulphuric acid for 1 to 5 min., the 
product being then poured into water, neutralized and 
dialysed. The poly-p-aminophenolsulphonate was prepared 
from the known p-aminophenolsulphonic acid by condensa- 
tion with formaldehyde in the manner already described for 
53 (Rogers & Spensley, 1954); the product was dialysed 
against water before testing. 


EXPERIMENTAL 


In the first experiments various concentrations of 
53D were added to unbuffered broth and casein 
hydrolysate media, which were then inoculated 
with 0-0015 of their volume of an 18 hr. culture of 
Staph. aureus strain 524. Final concentrations of 
the macroanion as high as 1 mg./ml. added to broth 
failed to affect the growth of the organisms, although 
50 pg./ml. was sufficient to reduce hyaluronidase 
formation by about 50%. The results obtained, 
however, were difficult to interpret because the 
addition of either the phosphate or glycerophos- 
phate buffer to the medium greatly reduced the 
degree of inhibition and led to very variable results. 
In the absence of additional buffer, on the other 
hand, the hyaluronidase potency of the cultures 
dropped after the formation period and interpreta- 
tion was therefore difficult, since the maximum 
potency measured might represent only the balance 
between destruction and formation. During this 
work it was noted that the organisms growing in the 
presence of inhibitor were brownish in colour, 
presumably owing to adherence of the inhibitor to 
the cells. It therefore seemed possible that if the 
cells were first treated with solutions of the inhibitor 
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and then washed, sufficient polymer might be left 
associated with the cells to inhibit enzyme forma- 
tion. 
Pretreatment of cells with 53D 

Comparison was made of cells from an overnight 
culture and cells from a young (4:25 hr.) culture. In 
the latter the organisms were still multiplying 
logarithmically. Both cultures were grown in the 
broth-glycerophosphate medium from an inoculum 
of 0-0015 of their volume of an 18 hr. culture in the 
same medium. They were centrifuged at the end of 
the growth period and the cells washed with water. 
Each lot of cells corresponding to about 80 mg. dry 
weight was then resuspended in 20 ml. of 0-1m 
Sorensen phosphate buffer at pH 6-2, and four equal 
volumes of 3-6 ml. measured. To these two sets of 
suspensions from the cultures sufficient of a sterile 
10 mg./ml. solution of 53D in water was added to 
give the concentrations indicated in Table 1. The 


Table 1. Comparison of the effects upon hyaluroni- 
dase liberation of pretreating cells from a young 
(4:25 hr.) with those from an 18hr. culture of 
Staphylococcus aureus with various concentrations 
of 53D 


The cells (13-16 mg. dry wt.) were treated with 4-0 ml. 
volumes of the stated concentrations of 53D dissolved in 
0-1m phosphate buffer at pH 6-2 for 15 min. at room 
temperature. After washing, these cells were resuspended 
in warmed buffered broth (20 ml. in 100 ml. flasks) giving 
a density equivalent to approx. 0-7 mg. dry wt./ml. 
Incubation was continued for 2 hr. at 35° with shaking. 





Hyaluronidase 
Conen. T.R.U./ml. % inhibition 
of 53D a A . 4 A i. 
(mg./ml.) ¥ 0 ¥ 0 
0 148 98 — —_ 
0-05 125 _ 15 — 
0-2 48 —_ 68 _ 
0-5 — 98 _— 0 
1-0 21 86 85 12 
2-0 - 73 _ 25 
Y =young cultures, O =old cultures, —=no experiment 
made. 


suspensions were allowed to remain at room temper- 
ature for 15 min., centrifuged and the cells washed 
with 5 ml. water. A small amount of inhibitor was 
present in the washing water but the cells which had 
been treated with inhibitor were still deeply stained, 
those from the young culture appeared to be darker 
than those from the 18hr. culture. The eight 
samples of cells were then separately suspended in 
20 ml. quantities of broth containing 0-1m phos- 
phate buffer at pH 7-0 already warmed to 35°. 
Incubation with shaking was continued for 2 hr. at 
35°. At the end of this period the cultures were 
cooled to 0-4°, centrifuged at this temperature and 
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the hyaluronidase potency in the supernatant fluid 
estimated. Table 1 shows the results which were 
obtained. It is to be seen that, whereas cells from 
the 18 hr. culture are relatively little affected, by 
treatment with inhibitor, the logarithmically 
growing cells form little hyaluronidase at all after 
treatment with the 1mg./ml. solution of the 
inhibitor. 

In these experiments pretreatment was carried 
out at slightly acid pH because it was known that 
the combination between proteins and macroanions 
was less effective in alkaline solution. An examina- 
tion was subsequently made of the effect of pre- 
treating in 0-1m phosphate buffers with pH ranging 
from 5-8 to 7-0. The pH used did not influence the 
degree of inhibition of enzyme liberation caused by 
the polymer. Therefore in subsequent tests the pH 
for pretreatment was maintained at 6-2. 

The use of logarithmically growing cells was 
technically undesirable as a routine procedure, 
partly because of the large volumes of culture 
required to yield reasonable quantities of cells. 
Examination was therefore made of cells from an 
18 hr. culture which were subsequently reincubated 
for a short period in broth. The technique used was 
as follows: cells from 50 ml. of an 18 hr. culture were 
centrifuged, resuspended in 100 ml. of fresh broth 
medium already warmed to 35°, and shaken at this 
temperature for 1 hr. The organisms were then 
removed by centrifuging and washed once with 
20 ml. of water. Such cells, which have been used 
for the rest of the work to be described, are referred 
to as revived cells. In Table 2 the enzyme produc- 
tion by treated and untreated cells from the original 
18 hr. culture is compared with the behaviour of 
treated and untreated revived cells. The conditions 
of treatment were such that half the cells from each 
culture were treated with 10 ml. of 0-8 mg./ml. 
53D in 0-1m phosphate buffer at pH 6-2. Both the 
treated and the control cells, which had been incu- 
bated with pH 6-2 buffer alone, were resuspended in 
50 ml. amounts of buffered broth medium in 250 ml. 
Ehrlenmeyer flasks. These suspensions were shaken 
at 35°. Samples were taken from all four flasks at 
the indicated times, cooled to 0—4° immediately 
after withdrawal, centrifuged and hyaluronidase 
estimations made on the supernatant fluids. 
Growth was also estimated by the turbidity of the 
samples before centrifuging. The brown colour of 
the treated cells did not significantly affect the 
optical opacity measurements. Hyaluronidase 
formation by the revived cells is almost completely 
inhibited (Table 2) by treatment with 53D, and 
they thus behave similarly to cells from the log- 
arithmically growing cultures. The cells from the 
18 hr. culture are rather more affected than those 
used in the previous experiment but again form 
much more hyaluronidase after treatment with 








1955 


H. J. ROGERS AND P. C. SPENSLEY 


638 


Table 2. Comparison of the effects of 53D upon hyaluronidase liberation and growth of staphylococci 
from an 18 hr. culture and of these cells after reviving 


Suspensions of the organisms in 0-1m phosphate buffer at pH 6-2 were pretreated with 53D for 15 min. at room temper- 
ature. The amount of inhibitor used was about 100 ug./mg. dry wt. cells. The control suspension was treated with buffer 
alone. The cells were subsequently suspended in warmed buffered broth to give an opacity equivalent to approximately 


1 mg. dry wt./ml. of culture and incubated for the stated times at 35° with shaking. 


Growth Hyaluronidase % 

(mg./ml. dry wt. of cells) (T.R.U./ml.) inhibition of 

Time hyaluronidase 

(min.) Control Treated Control Treated liberation 
18 hr. cells 
15 1-12 1-08 <2 <2 —_ 
30 1-24 1-20 <5 <2 — 
70 1-62 1-46 ll 5-0 55 
130 1-95 1-87 119 60 50 
180 2-24 2-08 110 73 34 
Revived cells 

15 1-28 1-37 <5 <2 _ 
30 1-48 1-58 <2 <5 —_— 
70 2-08 2-04 80 <5 >95 
130 2-50 2-45 123 10 92 
180 2-54 2-70 123 11 91 


inhibitor than the treated, revived organisms. The 
rate of growth of neither sets of cells has been 
affected by previous treatment with the polymer. It 
may be noted that, as the cells grow, the degree of 
inhibition, particularly with the cells from the 
18 hr. culture, diminishes. It has been subsequently 
shown, using the labelled inhibitor, that this can be 
explained by a decreased concentration of inhibitor 
associated with the cells firstly due to growth of the 
cell mass and secondly due to the passage of some of 
the inhibitor from the cells into the culture fluid. 

The effect of treating the revived cells with 
varying amounts of the polyhydroquinone-sulpho- 
nate was then examined. It did not seem to be 
important whether the same mass of cells was 
treated with a small volume of a concentrated 
solution of the inhibitor or with a larger volume of 
a more dilute solution. Either method of treatment 
inhibited the appearance of enzyme by about 90% 
providing not less than 50 yg. of inhibitor/mg. dry 
wt. of cells had been added. The ratio of the total 
mass of inhibitor to dry wt. of cells in the treatment 
process appears to be the critical factor in the sub- 
sequent inhibition of enzyme liberation. Hence the 
amount of inhibitor added/mg. dry wt. of organisms 
has been quoted in the present work. When the 
volume of inhibitor solution to mass of cells was 
varied a 1 mg./ml. solution of 53D was used. When 
amounts of inhibitor less than 50 yg./mg. cells were 
used, the inhibition decreased until, at levels 
below about 2 ug. of 53D/mg. dry wt. of cells, no 
effect was demonstrable. 

Separate experiments were made to determine 
how much inhibitor was attached to the cells, 


particularly at yg. inhibitor/mg. cells ratios of about 
0-05, a value which represents a saturation of the 
inhibiting effect. Labelled polymer was used for 
these measurements. 

For technical reasons and also because it was 
thought that the closely applied layer of radio- 
active material on the cells might make the inter- 
pretation of results, in the present context, difficult 
because of radiation damage, cells which had been 
treated with labelled polymer were not used to 
examine the inhibition of enzyme formation. The 
labelled polymer had been made by the same 
chemical procedure as the unlabelled 53D and 
several separate batches of 53D inhibited to the 
same extent. There is, therefore, no reason to suppose 
that the behaviour, apart from possible radiation 
effects, of the labelled polymer in culture would be 
different from other batches of the material. 

Revived cells were treated with the labelled 
inhibitor by the technique previously described. 
Samples of the cell suspensions were taken after 
pretreatment and washing, and were frozen and 
dried on polythene disks for radioactive estimation. 

Table 3, which combines the results from experi- 
ments with labelled and unlabelled 53D, shows the 
relationship between the degree of inhibition of 
hyaluronidase liberation by 53D and the amount of 
the labelled inhibitor fixed to the cells. It will be 
seen that if the amount of inhibitor used for pre- 
treatment is raised above the critical level, e.g. to 
100 pg./mg. dry wt. of organisms, no more is fixed 
on to the cells. It appears that the maximum degree 
of inhibition of enzyme liberation is reached when 
the cell is saturated with inhibitor. 
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Table 3. The influence of pretreating revived staphylo- 
cocci with different amounts of polyhydroquinone- 
sulphonate upon the liberation of hyaluronidase and 
upon the fixation of the polymer on to the cells 


The cells were pretreated for 15 min. with either (1) 
53D (for effects upon enzyme liberation) or (2) labelled 
53 D (for measurement of polymer fixation) under the usual 
conditions. After washing, cells (1) were resuspended in 
warmed buffered broth to give an opacity approximately 
equivalent to 1-0 mg./ml. dry wt. of cells and incubated 
with shaking at 35° for 2 hr. Cells (2) were washed and the 
cell paste put on to polythene disks for radioactivity 
measurements. The experiment numbers refer to: experi- 
ments using separate batches of cells. 


Fixation of 
labelled 53 D/mg. 





Weight of 53D Inhibition of dry wt. of 
used/mg. dry wt. enzyme formation organisms 
of cells -, A * 

(ug.) Expt.no. % Expt. no. yg. 

12 Be 59 3 4 

20 1 65 3 7 

36 2 79 —- — 

56 2 93 3 14 

120 1 96 3 14 

120 2 96 3 14 


The inhibitor used in these studies was, as already 
stated, only that portion of the crude polymer 
which was retained in cellophan on dialysis and 
hence consisted solely of fairly large molecules. 
Furthermore, it is known (Diczfalusy et al. 1953; 
Spensley & Rogers, 1954) that macroanions inhibit 
enzymes such as hexokinase which are likely to be 
vital to the economy of the cell. It therefore seems 
reasonable since growth is not inhibited to suppose 
that the inhibitor remains on or near the surface of 
treated organisms and does not penetrate the cell 
wall and reach the vital internal enzymes. On this 
assumption a calculation can be made of the pro- 
portion of the cell surface occupied when inhibition 
of extracellular enzyme liberation is almost com- 
plete. Counts were made of the individual staphylo- 
cocci in the suspensions, the ordinary haemocyto- 
meter cell technique being used. It was found that 
Img. dry wt. of suspension corresponded to 
2x10" cells to which is attached 14x 10-* g. of 
inhibitor when saturated (see Table 3). Each cell 
therefore carries 7 x 10—1° g. of inhibitor. This corre- 
6-1 x 10" x 7 x 10-18 19x 10° 

304 =19x1 actual 
monomeric units of the polymer (6-1 x 10?°=the 
Avogadro number and 224= ‘molecular’ weight of 
each monomeric unit of polymer). An estimate of 
the area occupied by a monomeric unit (kindly made 
for us by Mrs O. Kennard) is about 8 x 10-4 sq.cm. 
and hence the amount of inhibitor attached to one 
cell could cover an area of 


1-9 x 106 x 8 x 10-4 = 1-5 x 10-8 sq.cm. 


sponds to 


LIBERATION OF EXTRACELLULAR ENZYMES 


639 


A cell of 1 1. diameter has a surface area (if a smooth 
sphere is assumed) of 3 x 10-* sq.cm. Thus it appears 
from this inevitably rough calculation that, when 
the liberation of enzymes is almost completely 
inhibited, a considerable proportion of the cell 
surface may be occupied by a mono-molecular film 
of inhibitor. 
Cell-associated enzyme 


One possible explanation of the means by which 
such a layer of polymer could prevent the appear- 
ance of an extracellular enzyme would be that it 
makes the cell impervious to the hyaluronidase 
molecules but allows free transit of the smaller 
molecular weight metabolites necessary for main- 
taining growth of the organisms. If the passage of 
hyaluronidase from the cells into the culture fluid 
were prevented by the layer of polymer one would 
expect an increase in the potency of enzyme associ- 
ated with the cells themselves during growth. It has 
been previously shown (Rogers, 1954) that during 
early stages of growth of shaken cultures of staphylo- 
cocci, small amounts of enzyme accumulate in close 
association with the cells. An examination was 
made of the potency of this cell-associated hyalu- 
ronidase in both treated and untreated suspensions 
of revived cells after 75 min. incubation in broth at 
35°. The cells were removed from the cultures, spun 
down, washed, resuspended in 0-1m phosphate 
buffer pH 7-0 and 0-2 % gelatin, frozen and thawed 
and broken by shaking with Ballotini beads accord- 
ing to the method previously described (Rogers, 
1954). Hyaluronidase in the supernatant obtained 
by centrifuging the suspensions of frozen and broken 
cells and in the culture supernatants themselves was 
estimated. Table 4 shows that there is certainly no 
tendency for more enzyme to accumulate in associa- 
tion with the treated cells; rather the appearance 
of cell-associated enzyme is also inhibited. The 


Table 4. The effects of pretreatment of revived cells 
upon the accumulation of cell-associated hyalu- 
ronidase 


Cells were pretreated with 53 D at the rate of 100 »g./mg. 
dry wt. of organisms or with buffer alone (control sus- 
pension) under the conditions previously described. They 
were then suspended in warmed, buffered broth to give an 
opacity of about 1-0 mg. dry wt./ml. of culture and incu- 
bated with shaking at 35° for 75min. Free and cell- 
associated hyaluronidase in the cultures was determined as 
described in the text. 

Total units of 
hyaluronidase (T.R.U.) 


P 
Treated 


Control 
suspension suspension 
Extracellular hyaluronidase 655 8450 
Cell-associated hyaluronidase <28 562 


% cell-associated hyaluronidase <5 7 
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inhibition of the liberation of extracellular enzyme 
cannot, therefore, be explained simply as due to a 
‘bottling-up’ of free enzyme inside the cells by the 
‘varnishing’ coat of inhibitor. 


Change in the cells during revival 


In the earlier experiments it had been shown that 
cells from young cultures or cells from 18 hr. 
cultures which have been subsequently incubated 
for an hour in fresh medium can be more effectively 
treated with inhibitor than those from overnight 
cultures. It had also been noted that the cells from 
young cultures appear darker after pretreatment 
than those from 18hr. cultures. It, therefore, 
seemed likely that during the process of ‘reviving’ 
the cells some change takes place which enables 
more of the inhibitor to be attached to the cell 
surface. An experiment was planned using labelled 
inhibitor to examine whether the process of revival 
did in fact involve a change and if so, to estimate the 
speed of this change. 

An 18 hr. culture of the organisms (100 ml.) in 
the usual medium was centrifuged and the cells then 
resuspended in broth (100 ml.) at 35° containing 
0-1m phosphate buffer and 0-25 % glucose; a sample 
was taken immediately. The flask was subsequently 
shaken at 35° and samples taken after 5, 20, 30 and 
60 min. All the samples were cooled immediately 
and centrifuged at 0—4°. The cell pastes so obtained 
were then treated with labelled inhibitor at the rate 
of 0-3 mg./mg. dry wt. of organisms, under the usual 
conditions, washed, transferred to disks, frozen and 
dried for radioactive determination. Table 5 shows 
that the cells immediately after resuspension fixed 


Table 5. The amount of inhibitor taken up by 
staphylococci from an 18 hr. culture resuspended in 
broth and incubated at 35° 


Cells from an 18 hr. culture were resuspended in warmed 
buffered broth to give an opacity equivalent to about 
2-0 mg. dry wt. of cells per ml. of culture. A sample (20 ml.) 
was taken immediately and again at the indicated times 
during incubation at 35° with shaking. All samples were 
cooled to 0° and centrifuged. The cells were then washed 
and pretreated with C-labelled 53D at a rate of 300 yg./ 
mg. dry wt. of cells, washed again and the pastes used for 
radioactivity determinations. The figures under Expt. no. 
refer to experiments with different batches of cells. 


53 D fixed/mg. 
dry wt. 
Expt. Time organisms 
no. (min.) (ug-) 
0 6 
0 7 
5 10 
10 14 
20 12 
30 14 
60 14 


1 
2 
2 
1 
2 
1 
2 
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6-7 pg. of inhibitor/mg. of dry ceils and that after 
1 hr. incubation in broth they were able to fix 14 yg. 
The value of 6—7 yg. of inhibitor is somewhat larger 
than the amount which would be predicted from the 
degree of inhibition of hyaluronidase liberation. 
When cells from 18 hr. cultures were treated with 
a saturating dose of 53D the inhibition of the 
appearance of hyaluronidase ranged from 25 to 
50% with different batches of cells. A degree of 
inhibition of 50% using revived cells would corre- 
spond to the fixation of less than 4 ug./mg. dry wt. 
of cells (see Table 3). It is thus possible that factors 
other than the amount of inhibitor fixed on the 
surface account for the difference between cells 
from 18 hr. cultures and the so-called revived cells. 
Insufficient work has, however, been done to allow 
firm conclusions to be drawn. 

The change which enables revived cells to attach 
increased amounts of inhibitor occurs rapidly. 
Table 5 shows that at 35° the amount of inhibitor 
fixed has reached its maximum in 10—20 min. The 
nature of the change in the cells responsible for this 
effect is unknown but presumably involves a 
cationic shift in the region of the cell surface. It is 
not without interest that the potency of cell- 
associated hyaluronidase also rises to its maximum 
at about 30 min. under the conditions used here. 


The effect of other macroanionic inhibitors 


A number of other macroanionic substances 
which were known to be strong inhibitors of isolated 
hyaluronidase were tested for their effects upon the 
liberation of this enzyme by staphylococci. Revived 
cells were used and the technique of pretreatment 
and the subsequent incubation in broth were 
exactly as described for the experiments with 53D. 
The level used for pretreatment was 100 pg./mg. dry 
wt. of organisms. 

There appears (see Table 6) to be little correlation 
between the ability of the macroanions to inhibit 
formed hyaluronidase as shown by the inhibition 
index, and their power to inhibit the liberation of 
the extracellular enzyme in cultures. The styrene— 
maleic acid co-polymer, for example, which is the 
strongest enzyme inhibitor known at present is 
almost totally inactive on the organisms. Poly- 
styrene-sulphonate, on the other hand, although 
rather a poor enzyme inhibitor is quite active in 
culture. Sulphonation of the styrene—maleic acid 
co-polymer slightly reduced its ability to inhibit the 
action of hyaluronidase, but converted the com- 
pound which was almost completely inactive in 
culture, into a strong inhibitor. This latter observa- 
tion suggests that the strongly ionized sulphonate 
group may be necessary for the action of the in- 
hibitors in culture. Such a group, however, is 
apparently not essential since the ‘polygentisic 
acid’ of Hahn & Frank (1953) which has no sul- 
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Table 6. Pretreatment of cells with various macroanionic inhibitors of hyaluronidase 


Revived cells were pretreated with the compounds at a level of 100 ug./mg. dry wt. under the same conditions as those 
used previously for 53D. The treated organisms were then resuspended in warmed buffered broth to give a density 


equivalent to 1-0 mg./ml. and shaken at 35° for 2 hr. 








Hyaluronidase Inhibition 
(T.R.U./ml.) % 
— ——" ~ Inhibition 
1 2 3 1 2 3 index* 

Polyhydroquinone-sulphonate 13 -- 15 74 -- 88 46 
Polystyrene-sulphonate 27 — - 45 — 22 
Polystyrene—maleic acid co-polymer 45 — — 15 _— — 100 
Sulphonated polystyrene—maleic acid co-polymer -- 56 38 _- 5s 68 73 
Polyphloroglucinol phosphate 39 -- — 20 — _ 38 
Polygentisic acid — 43 64 ms 64 46 30 
Poly-p-aminophenol-sulphonate ~- 106 69 -- 12 41 40 
No inhibitor 49 119 118 





* Inhibition index is the inverse of the concentration of the compound required to inhibit 1 7.R.v. of testicular 
hyaluronidase by 50% when tested under the conditions previously described (Rogers & Spensley, 1954). 


phonate groups, is an inhibitor. The behaviour of 
the poly-p-aminophenol-sulphonate is of some 
interest. This compound inhibited the appearance of 
enzyme to a very variable extent. In two experi- 
ments the results obtained were 12 and 40% 
inhibition. It was at first thought that the very low 
result was due to some simple error in the experi- 
ment since a third experiment again showed a 40% 
inhibition by this compound, but further work 
showed that this substance demonstrated to a much 
greater degree a phenomenon shown by the poly- 
hydroquinone sulphonate. Reference has already 
been made to the diminishing degree of inhibition 
of hyaluronidase appearance obtained when the 
cultures of the treated cells are incubated over a 
period of time. The inhibition caused by pretreat- 
ment with 53D, for example, fell from more than 
95 to 91% during 3 hr. incubation of pretreated 
revived cells, and from 55 to 34% when cells from 
an 18hr. culture were used (see Table 2). Cells 
treated with poly-p-aminophenol-sulphonateshowed 
a very much greater recovery of their ability to 
liberate enzyme with increasing time of incubation. 
In one experiment, for example, the degree of 
inhibition after 90min. incubation was 44%, 
whereas after a further 90 min. both the treated and 
control cells had formed the same amount of 
enzyme. It therefore seems possible that the one 
low result obtained for this compound reflects a 
variation in the rate of recovery of the enzyme- 
forming ability. It may be that the substitution of 
one hydroxyl group in the polyhydroquinone- 
sulphonate by an amino group is sufficient to reduce 
the strength of the sulphonic acid group below the 
value necessary for close adhesion to the cell during 
incubation of the cultures. Cells treated with poly- 
gentisic acid, however, did not show this pheno- 
menon. None of the inhibitors had any significant 
effect upon the growth of the organisms. 
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The effect of 53D upon coagulase formation 


Table 7 shows that 53D is as able to inhibit the 
formation of coagulase by Staph. aureus strain 
Newman, as it is the formation of hyaluronidase by 
Staph. aureus strain 524. The conditions of testing 
were the same as those used for examining hyaluro- 
nidase formation. Revived cells were used and the 
level of treatment was 50 yg. of inhibitor/mg. dry 
wt. of organisms. When the dose of inhibitor used 
was halved, the inhibition was approximately 
halved. 


Table 7. The effect upon coagulase liberation of pre- 
treating revived cells of Staphylococcus aureus 
strain Newman with 50 yg. of 53D per mg. dry 
weight of organisms 
The conditions for treatment of the cells and subsequent 

incybation in broth were as described in Table 2. Revived 


cells only were used. 
Clotting time (sec.)* 








Time of 
incubation Treated cells Control cells 
(hr.) c A ~ , A ‘ 
3 2400 2400 270 300 
4 900 840 170 170 


* Time required/ml. of the culture supernatant to clot 
a mixture of fibrinogen and activator incubated at 37°. 


The production of trichloroacetic acid 
precipitable protein 


It was previously shown (Rogers, 1954) that 
when Staph. aureus strain 524 is grown in shaken 
culture on a casein hydrolysate medium, trichloro- 
acetic acid precipitable protein is liberated into the 
culture fluid. The above results have shown that 
pretreatment of staphylococci with 53D inhibits 
the appearance of both hyaluronidase and coagulase 
to about the same extent. It, therefore, seemed 
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possible that the inhibitor was preventing the normally in treated cells was sought by examining 
liberation of all extracellular proteins. In order to _ the rates of respiration and glycolysis of normal and 
test this possibility revived cells were pretreated at treated cells using glucose as substrate. 

a level of 50 ug. of 53D/mg. dry wt. of organisms in Revived cells were treated with 53D at a level of 
the usual manner, and resuspended in the buffered 50yg./mg. dry wt. of bacteria and washed under 
casein hydrolysate medium at an initial density the usual conditions. This suspension and its 
equivalent to approximately 1-0mg. dry wt. of control (cells treated with buffer only) were then 
cells/ml. (Rogers, 1954). These suspensions were measured into Warburg flasks and the rate of 
then shaken at 35° and sampled at the times indi- oxygen uptake and carbon dioxide production from 
cated in Table 8. The samples were cooled to 0-4°, 0-01 bicarbonate buffer was measured at 35°. The 
centrifuged at this temperature and the super- side arms of the flasks contained sufficient glucose 
natant fluids used for hyaluronidase and trichloro- solution to give a final concentration of 0-01M. 
acetic acid precipitable protein determinations, Flasks containing no glucose were included to 
carried out as described under the Methods section. measure endogenous respiration. An atmosphere of 


Table 8. The effect of pretreating revived cells with 53D upon the liberation of trichloroacetic acid 
precipitable protein by Staphylococcus aureus 524 


After pretreating revived cells, previously grown in broth in the usual way, with 53D at the rate of 100 ug./mg. dry wt. 
of cells or with buffer alone (control cells), they were washed and resuspended in warmed buffered casein hydrolysate 
medium to give a density equivalent to 1-0 mg. dry wt. of cells. Incubation was then continued at 35° with shaking. 
Samples were taken at the indicated times, cooled, centrifuged and the hyaluronidase and trichloroacetic acid precipitable 
protein in the supernatants determined. 





Treated cells Control cells 
; + % inhibition 
Extracellular Extracellular =.———— 
Time Hyaluronidase protein Hyaluronidase protein Extracellular 
(min.) (T.R.U./ml.) (ug./ual.) (T.R.U./ml.) (ug-/ml.) Hyaluronidase protein 
30 0-7 4-0 5-6 5-0 87 20 
60 2-1 8-5 21 15 90 44 
90 4-4 aT 38 37 88 54 
120 75 24 38 40 85 40 
180 5-6 36 34 63 84 43 


The results obtained for the inhibition of the 95% N, and 5% CO, was used for the glycolysis 
appearance of hyaluronidase confirm the previous experiments and of air for measurement of respira- 
results obtained using the broth medium. The tion. Both the Qo, (ul. O, consumed/mg. dry wt./ 
treated cells secrete only about 10-15% of the hr.) and the Q§° (yl. CO, produced/mg. dry wt./hr.) 
enzyme produced by the control cells. The appear- for the treated and untreated suspensions agreed 
ance of extracellular protein is also inhibited, but to with each other within the limits of experimental 
a very much less extent; about 50-60% of the error. The former were 97:5 for the treated suspen- 
normal amount of trichloroacetic acid precipitable sion and 97-0 for the control, whilst the results for 
protein was found in the supernatant fluid from the glycolysis were 57-5 and 52-5 respectively. Thus 
culture of treated cells. The nature and origin ofthis treatment with 53D, at a level which almost com- 
protein which is still formed despite the almost pletely suppresses the appearance of hyaluronidase 
complete suppression of some enzymes is a matter and coagulase and about 50% suppresses the 


for further work. appearance of extracellular protein, has no effect on 
ae the enzyme systems concerned with either oxida- 
Effect of treatment with 53D upon tion or fermentation of glucose. 


respiration and glycolysis 


The impaired ability of treated cells to form DISCUSSION 

extracellular enzymes and protein does not extend 

to the rate at which the total mass of bacteria The present results are consistent with the idea that 
increases in the cultures. Moreover, concentrations the macroanion polyhydroquinone-sulphonate can 
of up to 1-0 mg./ml. of 53D added to the culture form a closely attached layer, which may occupy a 
medium failed to influence growth. This suggests considerableproportion of thesurface of thestaphylo- 
that small metabolites can enter and leave the  coccal cells. This layer does not interfere with the 
treated cells at an undiminished rate. Further passage of the low molecular weight metabolites 
proof that metabolism of small molecules proceeds necessary for growth or for the maintenance of 
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oxidation and fermentation of glucose. It does, 
however, almost completely suppress the appear- 
ance of two enzymes or enzyme-like substances, 
hyaluronidase and coagulase, in the culture fluid 
and reduces the amount of trichloroacetic acid 
precipitable proteins liberated by about 50%. The 
question to be decided is whether or not the inhibi- 
tion phenomena are to be regarded as effects on 
formation or effects on liberation of the proteins by 
the cells into the culture fluid. At present little 
evidence has been obtained upon which a decision 
might be reached. It is almost certain that hyalu- 
ronidase is not simply retained within the cells. 
It is, however, still possible that if a secretion 
mechanism is inhibited, enzymes which accumulate 
inside the cells are rapidly destroyed, either by the 
mass action reversal of enzyme formation or by 
intracellular proteolytic enzymes. Another attrac- 
tively simple hypothesis is that the layer of inhibitor 
on the cell surface combines with the enzyme as it is 
formed and prevents its secretion into the medium 
or its detection after rupture of the cell. If this is so, 
then the ratio of inhibitor to enzyme required for 
inhibition of activity must be of an entirely different 
order from that found for the inhibition of isolated 
enzyme. Even with the low protein content of the 
solution used for determining inhibition indices 
(i.e. 0-2% gelatin) it requires about 0-03 mg. of 
53 D to half-neutralize one unit of hyaluronidase. In 
the cultures this dose of inhibitor fixed to the cells 
suppresses the appearance of approximately 170 
units. It is, however, dangerous to argue from the 
inhibition of an enzyme already formed to the 
inhibition of one freshly formed by a cell in close 
proximity to the inhibitor. A more cogent argument 
against this hypothesis is provided by the observa- 
tion (Pollock, unpublished results) that the libera- 
tion of penicillinase into the culture fluids of 
Bacillus cereus is also greatly inhibited by treating 
the cells with 53 D. This enzyme is not itself inhibited 
by 53D and therefore is unlikely to combine with it. 
It is difficult in this example to argue that the layer 
of polymer is simply combining with the freshly 
formed enzyme. 

If indeed the layer of inhibitor is interfering with 
the processes of enzyme formation this is a matter of 
great interest from many points of view. Not least 
of these is the clear suggestion implicit that some 
stage in the formation of extracellular enzymes may 
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occur in the region of the cell surface. Such a 
hypothesis is consistent with the very great ease 
with which the small amounts of hyaluronidase 
associated with the cell can be removed (Rogers, 
1954), suggesting that extracellular proteins may 
be formed as a capsule around the organisms rather 
than diffusing from within the cells. 

Irrespective of the explanation of the mechanism 
of action of macroanions, the phenomenon of 
suppression of the appearance of extracellular 
enzymes and presumably toxins, without stopping 
growth of the micro-organisms, may prove of 
interest in more biological studies of the role of 
these active extracellular substances in infective 
processes. 


SUMMARY 


1. Treatment of staphylococcal cells from young 
cultures or of those from 18 hr. cultures which have 
been re-incubated in broth (revived cells) with 
certain macroanions prevents the appearance of 
hyaluronidase and coagulase during subsequent 
growth. Increase in the mass of cells in the cultures 
is not affected by this treatment. 

2. The appearance of trichloroacetic acid pre- 
cipitable protein during growth is depressed by 
about 50% by macroanionic treatment. 

3. Previously treated ‘young’ or revived cells 
retain enough inhibitor to occupy a considerable 
proportion of the cell surface. 

4. A rapid change occurs during the process of 
revival which allows the cells to retain increased 
amounts of inhibitor. 
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Choline dehydrogenase is the initial enzyme of the 
complete choline oxidase system. The latter in- 
cludes all agents and enzymes involved in hydrogen 
transport to oxygen plus the initial dehydrogenase. 
Problems concerning the properties of choline 
dehydrogenase have remained unsolved largely 
because of the insoluble nature of the enzyme. It 
has resisted solution by such techniques as freezing 
and thawing (Williams, 1952) and extraction of 
acetone powders of rat-liver mitochondria (Williams 
& Sreenivasan, 1953). The latter authors extracted 
the enzyme from acetone powders of mitochondria 
with the use of bile salts, but it could not be re- 
dissolved once the bile salts were removed. It 
became clear that further treatment or alternative 
methods would be required to obtain the enzyme in 
a truly soluble form. The term ‘soluble’ is arbi- 
trarily defined as remaining in the supernatant 
fluid after centrifuging at 144 000g for at least 
60 min. and capable of redissolving in aqueous 
media without the use of dispersing agents, after 
precipitation with substances (e.g. ethanol) which 
do not inactivate the enzyme. In the present paper 
we describe a method for preparing the enzyme in 
a form which meets these qualifications of solu- 
bility. 
EXPERIMENTAL 


Assay of choline dehydrogenase. The rate of reduction 
of 2:6-dichlorophenolindophenol was measured in a test 
system consisting of 0-1 ml. of 2% choline chloride, 45 yg. 
of 2:6-dichlorophenolindophenol (added last) and varying 
quantities of enzyme in a model DU Beckman spectro- 
photometer at 610 my. The total volume was brought to 
3 ml. with 0-05m sodium phosphate buffer of pH 6-8. When 
the preparation contained cytochrome oxidase as an 
impurity, 0-3 ml. of neutralized 10-?mM-NaCN was included 
to inhibit this enzyme. The assays were carried out in 
lem. cuvettes, and the changes in optical density were 
recorded at 30 sec. intervals from 30 to 210 sec. The units 
of activity are expressed as changes in optical density 
(AEZ)/3 min./total preparation or/mg. protein. 

When dye reduction occurred in the absence of added 
substrate, the activity of the enzyme was obtained by 
subtracting the changes in optical density with the enzyme 
alone from the changes in optical density with the enzyme 
plus substrate over the 3 min. interval. The activity as 
measured by this method is proportional to enzyme con- 
centration from 0 to 0-4 mg. protein. The activities ob- 


tained in a typical experiment for the corresponding levels 
of protein added are as follows: 0-033 AZ, 0-095 mg. 
protein; 0-063AZ, 0-19 mg.; 0-096AZ, 0-285 mg.; 0-136AZ, 
0-38 mg. The enzyme preparation was the supernatant 
obtained after centrifuging of the sodium cholate-treated 
acetone powder prepared as previously described (Williams 
& Sreenivasan, 1953). The protein content of the enzyme 
preparations was determined by the biuret method of 
Johnson & Swanson (1952) using crystalline bovine serum 
albumin as standard. 

Little or no choline dehydrogenase was found in ox and 
pig liver and kidney. Rat liver, which has a fairly high 
content of the enzyme, was therefore used as the source of 
enzyme. The mitochondria were isolated by a modification 
of the conventional techniques of Schneider (1949). The 
liver was homogenized in the Waring Blendor and KCl was 
added to facilitate the centrifuging of mitochondria 
(Kennedy & Lehninger, 1949). The acetone powders of 
mitochondria were prepared by essentially the same tech- 
niques used for powders of minced muscle (Green, Needham 
& Dewan, 1937). When fresh mitochondria were used, the 
techniques of isolation were similar, except that no KCl 
was added and the preparation was centrifuged at 8400 g 
for 40 min. to sediment the mitochondria after removal of 
the nuclear fraction. 


RESULTS 


Survey of possible methods for preparing 
soluble choline dehydrogenase 


Enzymic methods. To attempt to fractionate the 
sodium cholate extract of acetone powders 
(Williams & Sreenivasan, 1953) cold acetone was 
added at different concentrations. It was found 
that most of the enzyme could be precipitated with 
33% (v/v) acetone. Although the precipitate 
retained its activity, it was insoluble in water, 
phosphate buffer, various concentrations of NaCl 
and ethanol solutions of different concentrations. 

It seemed possible that the enzyme may be 
bound by such mitochondrial constituents as 
lipids, nucleic acids, and proteins. If this were the 
case, soluble choline dehydrogenase might be 
obtained by treatment of the choleate-extracted, 
acetone-precipitated enzyme with hydrolytic en- 
zymes to break the bonds binding the enzyme to 
the complex. Incubation of the insoluble, acetone- 
precipitated enzyme (Williams & Sreenivasan, 
1953) with lipase or trypsin, or a successive 
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combination of the two, released choline dehydro- 
genase which remained in the supernatant fluid 
to a measurable extent after ultracentrifuging 
(144 000g) for lhr. In these studies 4mg. of 
lipase (Steapsin, Nutritional Biochemicals Inc.) or 
25 ug. of twice recrystallized trypsin (Nutritional 
Biochemicals Inc.) were incubated with the 
acetone-precipitated enzyme preparation obtained 
from 20mg. of dried mitochondria in I ml. of 
0-1m sodium phosphate (pH 6-8) at 30° for 20 min. 
(lipase) or 15 min. (trypsin). Treatment of the same 
amount of insoluble enzyme with 0-1 mg. of 
protease-free ribonuclease did not release choline 
dehydrogenase. Smith & Stotz (1954) have 
reported that commercial trypsin preparations 
release cytochrome oxidase from phosphate ex- 
tracts of heart muscle in the presence of cholate. 
They have also observed that ribonuclease had no 
effect on the release of this enzyme. 

Ultrasonic disintegration of mitochondria. Hoge- 
boom & Schneider (1950) reported the use of the 
ultrasonic oscillator in a study of the distribution of 
enzymes in the mitochondrion. The following 
experiments were designed to test the feasibility of 
this method for preparing soluble choline dehydro- 
genase from fresh mitochondria. Results from 
acetone-dried mitochondria as starting material 
were similar. The mitochondria from 200 g. of rat 
liver were isolated in 0-25m sucrose, frozen and 
rapidly thawed at 15-20°, then centrifuged at 
59000 g for 10 min. in a Spinco preparative ultra- 
centrifuge. The precipitate was taken up in 120 ml. 
of 0-I1m sodium phosphate buffer (pH 6-8) and 
treated in a 1OKC Raytheon ultrasonic oscillator 
for 10min. at 1-4°. This preparation was then 
centrifuged at 144 000g for 60min. The super- 
natant fluid was orange in colour, and the surface 
contained a milky layer. The results of several 
experiments of this type indicated that, while most 
of the activity could be spun down (about 94%), 
a small constant amount of choline dehydrogenase 
could not be sedimented. 

Solvent extraction methods. Chemical analyses of 
mitochondria indicate that 25-30% of the dry 
weight is composed of lipids (Claude, 1949; 
Schneider & Hogeboom, 1951). Two-thirds of the 
lipids are phospholipids and are extracted with 
difficulty (Claude, 1949). 

Attempts to prepare soluble choline dehydro- 
genase by extracting acetone powders of mito- 
chondria with dry n-butanol as suggested by 
Morton (1950), or with zsobutanol or chloroform, 
failed to facilitate solution of the enzyme. Simi- 
larly, choline dehydrogenase could not be extracted 
with phosphate buffer after treatment of the acetone 
powder with the ethanol-ether procedure of 
McFarlane (1942). 

Combination of ultrasonic disintegration and 
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solvent extraction. It was possible that solvent 
extraction methods per se failed with the whole 
mitochondria because of insufficient penetration by 
the solvent. A combination of ultrasonic disinte- 
gration followed by solvent extraction was there- 
fore tried and, after considerable experimentation, 
we have successfully prepared choline dehydro- 
genase which meets our criteria of solubility. 

The method finally adopted for the extraction of choline 
dehydrogenase is as follows: mitochondria, isolated from 
200 g. of rat liver, were treated in the Raytheon ultrasonic 
oscillator as described above and then centrifuged at 
144 000g for 60 min. The sedimented layers, which con- 
tained most of the activity, were suspended in 0-03m 
sodium phosphate buffer (pH 6-8) to give a final volume of 
130 ml. To this preparation, 13 ml. of 20% (w/v) choline 
chloride were added to protect the enzyme during the 
extraction procedure. With the temperature of the enzyme 
preparation maintained at 0°, n-butanol was slowly added 
while the preparation was mechanically stirred. After the 
addition of butanol, the preparation was stirred for 30 min. 
and then centrifuged at 105 000 g for 30 min. This centri- 
fuging precipitates some material; however, most of the 
insoluble material packs at the interphase of the butanol 
and aqueous layers, The butanol layer and insoluble 
material at the interphase were removed by siphoning. The 
clear aqueous layer was poured into a separating funnel and 
allowed to stand in the cold for 20 or 30min. By this 
means, small amounts of the remaining butanol layer were 
removed and an aqueous layer recovered. The recovery of 
activity in this step was about 15% of the activity of the 
ultrasonically disintegrated and centrifuged precipitate. 
The specific activity of the enzyme was similar to that of 
the ultrasonically disintegrated and _ ultracentrifuged 
precipitate. 

Partial purification of choline dehydrogenase. 
Since preliminary experiments indicated that the 
butanol-extracted preparation of choline dehydro- 
genase could be precipitated with ethanol and re- 
dissolved in dilute buffer, the next steps were 
directed towards a purification of the enzyme. 
Ethanol fractionations were carried out by bringing 
the concentration to 37% (v/v) ethanol and then 
centrifuging at 3700g for 5min. To the super- 
natant fluid, ethanol was added until the ethanol 
concentration was raised to 57% (v/v), and the 
preparation was centrifuged at 3700 g for 10 min. 
The precipitate was suspended in 95% (v/v) 
ethanol (precooled to — 10°) and then centrifuged. 
This step removed most of the remaining butanol. 
The precipitate, obtained after treatment with 
ethanol, was dissolved in 30 ml. of 0-01 ™M potassium 
phosphate buffer (pH 6-5). Undissolved material 
was removed by centrifuging at 35000 g for 15 min. 
The supernatant fluid contained over 70% of the 
activity present in the butanol-extracted prepara- 
tion. The specific activity was increased approxi- 
mately twofold in the ethanol fractionation steps. 

Further purification was obtained by adsorption 
of impurities on calcium phosphate gel prepared 





646 


E. EBISUZAKI AND J. N. WILLIAMS, Jun. 


1955 


Table 1. Extraction of choline dehydrogenase with buffer following ultrasonic and butanol treatment 


AE =change in optical density. 


Activity 
—v____w— ee 
Total Specific 
(108 x AZ/3 min./ (108 x AZ/3 min./ 


Stage Preparation total preparation) mg. protein) 
I Fresh, frozen and thawed mitochondria 3150 180 
II Sedimentable portion of ultrasonically 2270 410 
disintegrated mitochondria 
Il Buffer extract of butanol-extracted II 293 440 
IV Ethanol-precipitated III 212 830 
v Supernatant after gel absorption of 188 1200 


some protein impurities in IV 


according to the method of Swingle & Tiselius 
(1951). Addition of ethanol to give a concentration 
of 45% (v/v) facilitated selective adsorption of 
some of the soluble inactive proteins. With the 
addition of 0-04 ml. of the gel per ml. of enzyme, 
very little loss of choline dehydrogenase activity 
occurred. The purification in this step was of the 
order of 1-5-fold. 

In Table 1, a summary of the overall purification 
of the enzyme is presented. The recovery from the 
butanol-extracted preparation was 64%. The 
enzyme could be stored in the frozen state at — 20° 
for several days with no loss in activity; at 4° it 
slowly lost activity. 

Centrifuging of the ethanol-precipitated and re- 
dissolved enzyme at 173 000g for 90 min. in a 
swinging-bucket Spinco ultracentrifuge indicated 
that 76% of the activity was recovered in the 
supernatant fluid. This, together with the fact that 
the enzyme could be precipitated with ethanol and 
easily redissolved in dilute buffer, strongly suggests 
that this preparation of choline dehydrogenase was 
soluble according to our original criteria of solu- 
bility. 

SUMMARY 


1. Methods for preparing choline dehydrogenase 
in a soluble form from rat-liver mitochondria have 
been investigated. 

2. Treatment of mitochondria with lipase or 
trypsin releases choline dehydrogenase into solu- 
tion. After precipitation of the dehydrogenase 
preparation with ethanol, however, the enzyme 
cannot be redissolved in buffer, although it still 
possesses activity. 

3. Ultrasonic disintegration of mitochondria 
releases some choline dehydrogenase into solution. 
The enzyme cannot be sedimented by ultracentri- 
fuging. The yield of soluble enzyme is, however, 
quite low. 


4. A combination of ultrasonic disintegration 
and butanol extraction of mitochondria gave a 
successful procedure for obtaining soluble choline 
dehydrogenase. The enzyme remained in the 
supernatant fluid after centrifuging at 173 000g 
for 90 min.; it could be precipitated with ethanol 
and redissolved at will. 

5. Initial steps in the partial purification of the 
soluble choline dehydrogenase, using ethanol 
fractionation and selective adsorption on calcium 
phosphate gel, have been reported. 


This paper is published with the approval of the Director 
of the Wisconsin Agricultural Experiment Station. 
Supported in part by a grant from the Research Committee 
of the Graduate School from funds supplied by the Wis- 
consin Alumni Research Foundation. 
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A Modified Method for the Microdetermination of Citric Acid 


By B. McARDLE 
Clinical Research Unit, Guy’s Hospital, London, S.E. 1 


(Received 18 February 1955) 


An investigation of the different steps in the method 
of Weil-Malherbe & Bone (1949), as modified by 
Taylor (1953), has led to an altered procedure for 
citric acid determination, with increased sensitivity 
and accuracy. The main modifications involved are 
the use of (i) a higher concentration of sulphuric 
acid during the formation of pentabromoacetone, 
and (ii) a thiourea—borax—sodium sulphide solution 
in place of 2% sodium sulphide. 


METHOD 


Reagents 


Sulphuric acid. 33n-H,SO, (A.R.). 

Bromide—bromate-vanadate solution. This contains 
19-836 g. KBr, 5-44 g. KBrO, and 12-00 g. NaVO, in 11. 

Ferrous sulphate solution. 22% (w/v) FeSO,,7H,O 
(A.R.) in N-H,SO,. It is important that this solution is 
freshly made up every 4-5 days or complete removal of the 
free bromine may not take place. Taylor (1953) has found 
storage under hydrogen satisfactory. 

Thiourea-borax-sulphide solution. This solution should 
be made up freshly each day but should not be used until 
30 min. has elapsed after the addition of Na,S. Thiourea 
(4 g.) is dissolved without heating in 100 ml. 2% solution of 
sodium borate (A.R.) and 2 ml. of a freshly made up 10% 
(w/v) solution of Na,S,9H,O (A.R.) are added. The Na,S 
crystals if at all moist are liable to become contaminated 
with sodium thiosulphate, giving low and irregular results. 
Washing and drying has usually sufficed to remove the 
impurities but on one occasion recrystallization was 
required. 

Sodium sulphate (A.R.). Anhydrous. 

Light petroleum, b.p. 80-100°. A.R. aromatic-free grade 
was found satisfactory. 

Citric acid standard. 1-0935 g. of the crystalline acid 
(CsH,O,,H,O) (A.R.)/1. in N-H,SO,. This solution contains 
1 mg. anhydrous citric acid/ml. 

Preparation for analysis. Proteins, if present, are re- 
moved by precipitation with 10% (w/v) trichloroacetic acid 
(TCA). Blood, plasma and cerebrospinal fluid are added in 
the proportion of 1 ml. to 6-5 ml. TCA, but estimations on 
cerebrospinal fluid can be carried out satisfactorily on 
0-5 ml. added to 6 ml. TCA. Urine is diluted in the pro- 
portion of 1 ml. to 40 ml. of TCA if the specific gravity is 
between 1-01 and 1-02; if the specific gravity is above 1-02 
it is diluted 1 to 60 ml., or if it is below this value, diluted 
1 to 20 ml. Salicylic acid and certain other aromatic sub- 
stances may interfere (Weil-Malherbe & Bone, 1949). If 
their presence is suspected, preliminary bromination should 
be carried out and the bromination product removed by 
extraction with light petroleum. 


Procedure 


5 ml. 33n-H,SO, are run from a burette into 5 ml. 
of the solution to be analysed (preferably containing 
not more than 80g. citric acid) contained in a test tube 
(150 x 24 mm.) fitted with a ground glass stopper, and the 
contents mixed thoroughly. After 10 min., 5 ml. of the 
bromide—bromate—vanadate solution are added from a 
burette and the tube placed in water at 30° for 20 min. It is 
convenient to make up the FeSO, and the thiourea— 
borax-sulphide solutions at this stage. The tube is removed 
from the bath, 3 ml. FeSO, added, the contents mixed and 
the tube left for at least 5 min. The tube is then inverted to 
remove the last traces of bromine from the air space, and 
the stopper and neck of the tube are wiped with filter paper 
to remove any solution that might have been trapped and 
not have come in contact with FeSO,. Light petroleum 
(6-5 ml.) is added, the tube stoppered and well shaken for 
2-2-5 min. The lower aqueous layer is sucked off as com- 
pletely as possible with a Pasteur pipette attached to a 
water pump. About 15 ml. of distilled water are then 
added, washing down the sides of the tube, and the tube 
shaken for 15-30 sec. The aqueous layer is sucked off as 
before, the last drops of water being removed if necessary 
with a Pasteur pipette. This step, suggested by Dr El 
Hawary, ensures the complete removal of any residual acid. 
A small amount of anhydrous Na,SO, is added to remove 
the last traces of water, and 5 ml. of the washed light 
petroleum extract pipetted into another test tube. 4 ml. of 
thiourea—borax-sulphide solution are added and mixed by 
bubbling a steady stream of oxygen, air or N, through the 
solutions for 1-5 min. If the tube is shaken by hand, an 
occasional slight cloudiness occurs which has never been 
noticed when a stream of oxygen is used. The yellow 
aqueous layer is pipetted into a cuvette having a 2 cm. 
light path and the absorption read in a photoelectric 
absorptiometer using an Ilford ‘Spectrum Violet’ filter, 
no. 601, with maximum transmission at about 440 mp. 
In a spectrophotometer the colour is read at 435 mp. If 
glucose or acetoacetic acid are present in high concen- 
tration, it is better to determine the intensity of the colour 
using an Ilford ‘Spectrum Green’ filter, no. 603 (maximum 
transmission at about 500 my.). 

Effect of sulphuric acid concentration. The effects of 
varying the concentration of H,SO, in the mixture before 
the addition of the bromide—bromate—vanadate are shown 
in Fig. 1. Greatest sensitivity is achieved by increasing the 
concentration to 16-5n. Above 17N the sensitivity de- 
clines. In the methods of Weil-Malherbe & Bone (1949) and 
Taylor (1953) the concentration of sulphuric acid at this 
stage is 13-5n, but 16-5n is clearly preferable. 

Colour development and stability. Sodium sulphide (2% 
has been commonly employed for the extraction of the 
pentabromoacetone from the light petroleum, but Natelson, 
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Lugovoy & Pincus (1948) discarded this in favour of a 4% 
thiourea-2% borax solution, which they thought gave 
increased sensitivity. Weil-Malherbe & Bone (1949), on the 
other hand, preferred to use 2% Na,S. The complex inter- 
action of pentabromoacetone with thiourea and sodium 
sulphide was re-examined. Pentabromoacetone extracted 
by a 2% soln. of Na,S gives a lemon-yellow colour with a 
peak absorption in the Beckman spectrophotometer at 
445-450 mp. With a 4% thiourea-2% borax solution 
(pH 9-2) a yellow colour of much the same intensity is 
obtained but with a maximum absorption at 440 mp. 
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Normality of sulphuric acid in mixture 


Fig. 1. Effect of varying the concentration of sulphuric 
acid in the mixture before addition of the bromide— 
bromate—vanadate. Results of two experiments are 
given, and the values are expressed as percentages of the 
highest reading found in that experiment. For normali- 
ties higher than 18N, part of the H,SO, was included in 
the citric acid sample. 


Thiourea in neutral solution, after prolonged shaking, gives 
a colour which is more pink, with maximum absorption at 
510 mp. Weil-Malherbe & Bone (1949) found that if the 
neutral thiourea solution contained 0-06 % of Na,S the pink 
colour developed very much more rapidly. Na,S (0-2%), in 
a 4% thiourea~-2% borax solution shaken with penta- 
bromoacetone, gives an orange-yellow colour with maximum 
absorption at 435 my. having a 20-30% higher extinction 
(using an Ilford violet filter, no. 601) than the colours given 
either by Na,S or thiourea—borax. 0-06 % Na,S in thiourea— 
borax gives the same colour but a slightly lower extinction. 
The absorption spectrum of the pentabromoacetone 
complex in thiourea—borax-sulphide is similar to that 
described by Natelson eé al. (1948) for thiourea—borax but 
differs (a) in that the peak transmission is at 435 mp. as 
opposed to 440 muy., (6) instead of the absorption de- 
creasing progressively to reach negligible proportions about 
560 mu., it falls off rather more steeply at first and then 
develops a secondary peak between 460 and 500 mz., 
thereafter declining progressively. 

The absorption of the colour developed in 4% thiourea— 
2% borax-0-2% sodium sulphide has been found stable 
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over a period of 3 hr. There is a very slight fading whilst the 
absorption is being measured in a photoelectric absorptio- 
meter of a type which concentrates the light beam in a 
sharp focus on the solution. The colour intensity returns 
within 2 min. following removal from the light path. This 
fading has not been sufficient to give rise to any difficulty, in 
contrast to the pentabromoacetone complex in 2% Na,§. 
The thiourea—borax-sulphide reagent differs also from 2% 
Na,S in being unaffected by temperature over the range 
15-30°. 

Specificity. As in the method of Weil-Malherbe & Bone 
(1949), acetoacetic acid when present in high concentration 
gives rise to some interference. Using the Ilford violet 
filter no. 601, 1 mg./ml. of acetoacetic acid gives the same 
extinction as 30yg./ml. of citric acid. The absorption 
spectrum of the final complex of acetoacetic acid in 
thiourea—borax-sulphide has its maximum absorption in the 
visible range at 435 my., but has negligible absorption at 
500 mp. Citric acid can be determined therefore in the 
presence of large quantities of acetoacetic acid, though at 
some sacrifice in sensitivity, by using an Ilford ‘Spectrum 
Green’ filter, no. 603 (maximum transmission about 
500 muz.). With this filter, 1 mg./ml. of acetoacetic acid 
gives the same extinction as 0-65 yg./ml. of citric acid. 

Glucose, when present in very high concentration, was 
found (using the violet filter having a maximum trans- 
mission about 440 mu.) to interfere slightly, a solution 
containing 8 mg./ml. giving the same extinction as 0-6 ug./ 
ml. of citric acid. With the green filter (maximum trans- 
mission about 500 my.) the interference was negligible. The 
presence of salicylic acid in concentrations of 60 ug./ml. or 
above was found to give rise to sufficient interference to 
warrant preliminary bromination for its removal. Lower 
concentrations were not tested. 

Accuracy. The calibration curve with 5-800 yg. of citric 
acid is linear, although determination of the larger amounts 
of pentabromoacetone required appropriate dilution with 
light petroleum. The straight line does not always cut the 
origin and, as the slope may vary slightly from batch to 
batch, two or more standards should be included in each 
batch of determinations. The accuracy achieved in a con- 
secutive series of thirty analyses of citric acid solutions is 
given in Table 1. The recovery of known quantities of 


Table 1. Analysis of pure citric acid solutions 


Citric acid (yug.) Coefficient 
No. of —____—_,, of variation 
determinations Added Found (%) 
30 10 8-7-10-9 +39 
30 40 38-7-41-3 +1-65 
30 80 77-0-82-0 +1-66 


Table 2. Recoveries of pure citric acid added to 4 ml. 
of deproteinized serum filtrate containing either 
16-0 or 18-5 pg. citric acid 


Citric Recovery (% 
No. of acid added =—————_*’_, 
determinations  (yg.) Mean Range 
3 10 98-3 93-101-0 
3 20 ~ 99-8 99-100-5 
3 30 99-1 98-7-99-5 
3 40 99-9 97-5-101-3 
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citric acid added to deproteinized serum filtrate has been 
studied, and the results of a series of three consecutive 
determinations are given in Table 2. 


SUMMARY 


A modified colorimetric procedure is described for 
the estimation of 10-80 yg. of citrate in biological 
fluids. The final colour is developed in a 4% 
thiourea-2% borax solution containing 0-2% 
sodium sulphide. 


MICRODETERMINATION OF CITRIC ACID 
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Studies in Carotenogenesis 


15. THE ROLE OF CARBOXYLIC ACIDS IN THE BIOSYNTHESIS OF £8-CAROTENE 
BY PHYCOMYCES BLAKESLEEANUS* 


By J. FRIEND, T. W. GOODWIN anv L. A. GRIFFITHS 
Department of Biochemistry, The University, Liverpool 


(Received 6 October 1954) 


Schopfer & Grob (1950) found that a medium 
containing lactate as the sole carbon source 
supported only meagre growth of Phycomyces 
blakesleeanus which synthesized no £-carotene. 
Addition of acetate to this medium stimulated 
growth and initiated carotenogenesis; pyruvate, 
butyrate, palmitate, tartrate and citrate behaved 
similarly to acetate whilst glycerol, acetone and an 
unspecified ester of B-methylcrotonic acid were 
ineffective. Later Schopfer & Grob (1952) demon- 
strated that lactate was not necessary and that 
growth and carotenogenesis occurred when acetate 
was the only carbon source. 

Grob, Poretti, von Muralt & Schopfer (1951) and 
Grob, Schopfer & Poretti (1952), using labelled 
acetate, found that the methyl and carboxyl 
carbon atoms were incorporated equally into the 
B-carotene molecule and, recently, Grob & Biitler 
(1954a, b) found that the lateral methyls of /- 
carotene arise from the methyl of acetate and the 
carbon atoms adjoining these methyl groups from 
the carboxyl of acetate. Glover, Goodwin & 
Lijinsky (1951), using methyl-labelled acetate, 
could not demonstrate specific incorporation of 
acetate into B-carotene either in growing cells of P. 
blakesleeanus in the presence of glucose or in vege- 
tative mats placed on a medium containing only 
acetate and phosphate buffer. 

Because of the importance of acetate as the 
possible primary precursor of f-carotene, further 
investigations into the role of this and other 
carboxylic acids in carotenogenesis in P. blakes- 


* Part 14: Goodwin, Land & Osman (1955). 





leeanus have been undertaken. Some of the results 
presented here have already been briefly recorded 
(Friend, Goodwin & Griffiths, 1954). 


(1X PERIMENTAL 


Cultures. Phycomyces blakesleeanus ( — strain), obtained 
from the Centraalbureau vor Schimmelcultures, Baarn, 
was used throughout. Cultures were grown either in 15 ml. 
of medium in 8 oz. medicine bottles (Garton, Goodwin & 
Lijinsky, 1951) or in 100 ml. of medium in penicillin flasks. 
The latter were used with media not containing glucose, 
because of the smaller growth obtained. Incubation was 
carried out at 25° in a glass incubator (Garton eé al. 1951). 

The glucose media were those described by Garton et al. 
(1951). Five non-glucose media were used: (A) containing 
per 100 ml.: ammonium lactate 0-2 g.; magnesium lactate, 
3H,O, 0-2 g.; KH,PO,, 0-15g.; MgSO,,7H,O, 0-05 g.; 
MnSO,, 0-01 g. and thiamine 2yg. (Grob et al. 1951); 
(B) medium A +1-0% (w/v) sodium acetate anhyd.; (C) 
medium A with ammonium lactate and magnesium lactate 
replaced with equivalent (carbon) amounts of the corre- 
sponding acetates; (D) medium B with ammonium lactate 
replaced by 0-12 % (w/v) NH,NO, and (Z) medium A +1% 
(w/v) glucose. 

Dry weight, lipid and carotenoid determinations. With 
mycelia grown on glucose media, these determinations 
were carried out by the methods of Garton ef al. (1951). On 
non-glucose media the pH increases during growth of the 
mycelium from 6-5-7-0 to about 8-5. This results in a con- 
siderable amount of precipitated inorganic phosphate 
accompanying the mycelium when it is filtered from the 
medium. In order to free the mycelia from this precipitate 
they are washed with about 5-10 ml. of 2N-HCl. Table 1 
shows that washing reduces the dry weight very consider- 
ably but this is not surprising from visual examination of 
the crucibles in which can be seen large crystals. Washing 
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with 1 ml. of acid (which facilitates transfer of the last 
traces of medium) is insufficient to remove all the inorganic 
material (Table 1), but this is achieved with a further 3 ml. 
The fact that further washing does not alter the dry wt. 
indicated that little or no cellular material is removed. This 
cannot be confirmed by nitrogen determinations because 
the inorganic precipitate contains nitrogen, but it is con- 
firmed by the fact that mycelia grown on glucose media (in 
which there is no precipitation) do not lose weight after 
being washed in a similar manner. Routinely 5-10 ml. 
2n-HCl are therefore used for washing non-glucose mats. 
Similar results are obtained if acetic acid is used instead of 
HCl or if the pH of the medium is taken to 1-2 before 
filtration. 

Lipid and carotenoid determinations on the non-glucose 
media were carried out in the usual way. 

Transfer experiments. Vegetative mats were prepared 
and examined according to the method of Goodwin & 
Willmer (1952). 

RESULTS 


Table 2 gives the results of one experiment showing 
the effect of various non-glucose media on caro- 
tenogenesis in P. blakesleeanus. Many other 


Table 1. The effect of acid washing on the dry weight 
of P. blakesleeanus mats 


Dry wt. determinations according to Garton et al. (1951) 
before and after washing with 1, 3 and 3 ml. portions of 
2n-HCl; amounts produced on 100 ml. medium C (acetate) 
(with or without the addition of 1-0% (w/v) sodium acetate 
anhyd.) or on 15 ml. standard glucose-asparagine medium 


(Garton e¢ al. 1951). 
Total dry wt. (mg.) 





c eh =? 
After washing 
Before —_""——— 
Medium washing Ist 2nd 3rd 
Acetate 192 — 44-0 44:3 
— 97-8 58-3 58-0 
_- 85-9 43-9 43-0 
— 113-5 76-0 75:6 
-— 110-2 71-9 72-1 
209-5 _— — 47-4* 
Glucose 149-2 — — 147-4* 
127-3 _- —- 126-7* 
142-9 - — 141-5* 


* These mycelia were washed once with 5 ml. 2n-HCl. 
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experiments have been carried out using these 
media, and although growth and carotenogenesis 
vary from experiment to experiment somewhat 
more than on glucose media (Garton e¢ al. 1951), 
the general picture has always been the same. (The 
relevant columns in Tables 3-7 give further indi- 
cations of the degree of variability on these media.) 
The observations of Schopfer and his group that 
(i) lactate is a poor supporter of growth and caro- 
tenogenesis, (ii) addition of acetate to the lactate 
medium stimulates both growth and pigment pro- 
duction, and (iii) acetate is equally effective in the 
absence of lactate, have been confirmed. It has not 
been possible to confirm the observations (Schopfer 
& Grob, 1952) that substitution of NH,NO, for 
ammonium lactate or ammonium acetate specific- 
ally stimulates carotenogenesis or that no B- 
carotene is formed on the medium containing 
lactate only. We found that f-carotene is always 
produced on this medium, but in relatively smaller 
amounts than on the acetate media; occasionally, 
in experiments not quoted, the concentration of 
B-carotene on the lactate medium approached that 
on the acetate medium. Table 2 also shows that 
although acetate is superior to lactate as a carbon 
source for growth, it is much inferior to glucose. 
Pyruvate was found to support only the same 
degree of growth and carotenogenesis as did 
lactate. 

The possibility that poor growth on the lactate- 
only medium was due to the small amount of 
carbon present was ruled out when it was found 
that incorporation of additional sodium lactate 
(1%, w/v) into this medium had no stimulatory 
effect on growth or carotenogenesis. The effect of 
increasing the acetate concentration of medium C 
was investigated in detail. Increasing the acetate 
level above 0-325 % (w/v) did not stimulate growth. 
Concentrations above 1-12 % (w/v), corresponding 
to the addition of 1% (w/v) sodium acetate 
anhyd., were inhibitory (Table 3). f-Carotene 
synthesis, however, increases up to an acetate 
concentration of 1:12% (w/v), but thereafter 
declines. 


Table 2. Dry weight lipid and B-carotene production by Phycomyces blakesleeanus 


cultured on various media 


7-day cultures; amounts produced in penicillin flasks containing 100 ml. medium; temp. 25°; mats from two flasks 
bulked for each analysis; for details concerning the composition of media see text. 


Total 
dry wt. 

Medium (mg.) 

Lactate only (A) 10-5 
Lactate + acetate (B) 67-5 
Acetate only (C) 50-3 
Acetate +NH,NO, (D) 55-1 
Lactate + 1% (w/v) glucose (£) 584-0 


B-Carotene 
Lipid % amount Conen. 
(mg.) lipid (#g-) (p.p-m.) 
1-2* 11-4 1-4 121 
17-6 26-1 56-2 833 
15-5 30:8 37-0 736 
16-2 29-4 34-5 26 
— — 217-5 370 


* Value too small to be reliable. 
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Table 3. The effect of varying the acetate concentration on growth, lipogenesis and carotenogenesis 
in Phycomyces blakesleeanus 


Basal medium C (0-325 %, w/v, acetate) + varying amounts of sodium acetate anhyd.; amounts produced on 100 ml. 
of medium in penicillin flasks; 7-day cultures; temp. 25°; mats from two flasks bulked for each analysis. 


Total 

‘acetate’ Total 

present dry wt. Lipid 

(%» w/v) (mg.) (mg.) 
0-325 43-5 10-7 

(basal medium C) 

0-722 46-6 13-2 
1-120 46-5 14-5 
1-915 25-6 53 
2-710 18-2 2-1 


B-Carotene 
oO 

% Amount Concn. 
lipid (ug-) (p.p.m.) 
24-6 15-9 411 
28-4 29-4 632 
31-2 28-6 621 
20-7 13-7 536 
11-6 5-4 297 


Table 4. Effect of yeast on growth, lipogenesis and carotenogenesis 
in Phycomyces blakesleeanus 


With non-glucose media amounts produced in penicillin flasks containing 100 ml. of medium. With glucose media, 
amounts produced in 8 oz. medicine bottles containing 15 ml. medium; temp. 25°; 7-day cultures. Mycelia from two flasks 
or three bottles bulked for each analysis. In experiments with yeast extract Oxoid yeast extract was used in all cases except 


b, where Difco yeast extract was used. 





Lipid B-Carotene 
Total c A " , etm Amina me 
dry wt. Amount Conen Amount Conen. 
Medium (mg.) (mg.) (%) (ug.) (p.p.m.) 
Without yeast extract 
Lactate + acetate (B) 72-6 19-8 27°3 45-6 628 
Basal acetate (C) 56-9 15-8 27-8 23-5 413 
(C)+1% (w/v) Na acetate anhyd. 49-9 15-6 31-3 31-2 625 
Acetate + NH,NO, (D) 55-1 16-2 29-4 34-4 626 
Glucose 1-0% (w/v) + asparagine, 55-5 11-2 20-2 15-6 285 
0-:2% (w/v) (Garton et al. 1951) 
With yeast extract (0-1%, w/v) 
Lactate + acetate (B) 145-0 22-9 15:8 64:1 442 
Basal acetate (C) 67-4 17-2 25-5 52-5 780 
(C)+1% (w/v) Na acetate anhyd. 144-3 43-0 29-8 121-4 841 
Acetate + NH,NO, (D) 81-2 25-9 31-9 68-5 844 
Glucose 1-:0% (w/v) + asparagine, (a) 54-7 8-6 15-7 11-7 213 
0-2% (w/v) (Garton et al. 1951) (b) 558 6-6 11-8 12-2 219 


Effect of yeast extract on growth 
and carotenogenesis 


As relatively poor growth on acetate media might 
have been due to the absence of a factor necessary 
for optimum acetate utilization, the effect of the 
addition of yeast extract (Oxoid, Difco and 
Marmite) was examined. The results of an experi- 
ment recorded in Table 4 show that yeast extract 
stimulates growth and f-carotene synthesis on all 
non-glucose media examined, but has no effect on 
media containing glucose. Except on the lactate— 
acetate medium, carotenogenesis is always stimu- 
lated to a greater extent than growth. On the 
acetate-lactate media, f-carotene stimulation is 
relatively slight and less than growth stimulation. 
The reason for this anomaly, which is always 
reproducible, is not apparent. Although addition of 
yeast extract does not give growth comparable with 
that on a similar volume of glucose medium, the 


concentration of B-carotene obtained on ‘yeast 
mycelia’ approaches the maximal values recorded 
for glucose mycelia, viz. 800-1000 p.p.m. dry wt. 

Lipogenesis was stimulated by yeast extract to 
the same degree as growth. The maximal effect on 
both growth and carotenogenesis is obtained with 
0-05-0-10 % (w/v) yeast extract (Table 5); stimula- 
tion occurs to the same extent throughout the 
growing period (Fig. 1) and is also apparent at 
levels of acetate ranging from 0-325 to 2-17 % (w/v) 
(Table 6) (for comparable values in the absence of 
yeast extract see Table 3). 

Although not a major aspect of this investigation, 
attempts were made to simulate the effect of yeast 
extract with pure vitamins; none of the following 
at the concentrations stated (yg./100 ml.) was 
effective: riboflavin (50), nicotinamide (300), 
biotin (50), pyridoxal phosphate (50), inositol (50), 
choline chloride (440) Ca p-pantothenate (100), 
folic acid (50), lipoic acid (natural and synthetic, 
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25) and citrovorum factor (20); lipoic acid was the 
gift of J. Bibby and Son Ltd. and citrovorum 
factor of the Lederle Laboratories. Unfortunately 
coenzyme A, the most likely factor, was not 
available for examination. The possibility that 
small traces of glucose in the yeast extract might 
be the stimulating factor was ruled out by experi- 
ments in which it was demonstrated that, even 
added at a level of 0-1% (w/v), glucose had no 
effect on growth or carotenogenesis on medium C in 
the absence of yeast extract. A further possibility, 
that the presence of carotenogenic amino acids in 
traces could account for the stimulation of carotene 
synthesis, and possibly growth, by yeast extract 
was excluded by experiments (recorded in full in 
the next section) which showed that the yeast 
extract effect also occurs in the presence of excess 
of these amino acids. It was also possible that the 
normal limited growth on medium C in the absence 
of yeast extract was due to the presence of sufficient 
of the unknown factor in the spore suspension 
normally used for inoculation (Garton e¢ al. 1951); 
the same degree of growth was, however, obtained 
when the acetate media (without yeast extract 
added) were inoculated with a loop drawn across 
the sporangia of a stock culture. 
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Fig. 1. Dry wt., lipid, and B-carotene production by P. 
blakesleeanus in an acetate medium with and without 
addition of yeast extract; medium C+1% (w/v) Na 
acetate anhyd., corresponding to 1-:12% (w/v) total 
acetate; yeast extract, 0-1% (w/v). Amounts produced 
in 100 ml. medium in penicillin flasks. Mats from two 
flasks analysed for each value; dry wt., without 
yeast O---O, with yeast @---@; lipid, without yeast 
O----O, with yeast @----@; f-carotene, without 
yeast O—O, with yeast @—@. 


Table 5. The effect of varying the concentration of yeast extract on growth, lipogenesis 
and carotenogenesis in Phycomyces blakesleeanus 


Amounts produced on 100 ml. medium in penicillin flasks; 7-day cultures: temp. 25°; medium C +1% (w/v) Na acetate 


anhyd.; mats from two flasks combined for each analysis. 


Amount of Lipid B-Carotene 
yeast extract Total —~ 

added dry wt. Amount Conen. Amount Conen. 
(%> w/v) (mg.) (mg.) (%) (#8-) (p-p-m.) 

0 60-1 14-6 24-3 28-9 481 

0-01 71-2 15-5 21-8 34-8 489 

0-02 92-0 21-2 23:1 45-8 498 

0-05 105-0 24-0 22-9 86-0 820 

0-10 144-3 43-0 29-8 121-4 841 

0-20 122-4 20-1 16-4 80-0 719 


Table 6. The effect of yeast extract on growth, lipogenesis and carotenogenesis in Phycomyces blakesleeanus 
on media containing various concentrations of acetate 


Amounts produced per 100 ml. medium C in penicillin flasks; temp. 25°; 7-day cultures: mats from two flasks bulked 


/ 


for analysis: yeast concen. 0-1% (w/v). 





Amount of Lipid B-Carotene 
acetate Total A _ + Sas, <4 
present dry wt. Amount Conen. Amount Conen. 

(%, w/v) (mg.) (mg.) (%) (ug.) (ppm) 
0-325 67-4 17-2 25-5 52-5 780 
0-722 107-4 31-9 29-7 100-0 931 
1-120 126-0 33-6 26-7 99-0 : 786 
1-915 101-1 15-4 15-2 67-6 663 
2-710 62-7 75 12-0 43-8 700 





—— a 








| 








Vol. 60 


Effect of alteration of nitrogen source 
in acetate media 


The effect of replacing ammonium acetate in 
medium C by asparagine [the source of nitrogen in 
the standard glucose medium (Garton et al. 1951), 
glycine or asparagine plus leucine has been investi- 
gated. On the glucose medium, glycine (slightly) 
and leucine and valine (considerably) are the only 
amino acids which stimulate carotenogenesis; all 
the others either have no effect or do not support 
growth (Garton et al. 1951; Goodwin & Lijinsky, 
1952). Valine was not examined here because of the 
similarity of its effect to that of leucine; leucine 
plus asparagine was examined in preference to 
leucine alone because on leucine alone growth is 
very slow, whilst with a mixture of the two amino 
acids growth rate is normal, although the caro- 
tenogenic effect of leucine is still observed. Table 7 
shows that none of the amino acids is as efficient 
as NH,NO, from the point of view of carotene 
synthesis, although the superiority of leucine over 
asparagine is again apparent. Yeast extract was 
again stimulatory in all cases. 
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the presence of £-ionone was 124 ng. compared with 
40 ug. produced in its absence. 

Diphenylamine inhibited f-carotene synthesis 
and stimulated the synthesis of the more saturated 
polyenes (phytofluene, ete.) without affecting 
growth of P. blakesleeanus (Goodwin, 1952a). It 
has now been shown to have the same effects on 
P. blakesleeanus grown on the acetate medium C. 


Effect of di- and tri-carboxylic acids on growth 
and carotenogenesis in acetate media 

Leonian & Lilly (1940) noted that the addition of 
various carboxylic acids (0-02m) to a glucose— 
NH,NO, medium greatly stimulated growth of P. 
blakesleeanus. These results have now been con- 
firmed, but it was found that acetate and succinate 
always stimulated carotenogenesis to a greater 
extent than the other acids. This now appears due 
to differences in the final pH of the media. Table 8 
shows that the higher the final pH the less p- 
carotene produced, that of the media containing 
0-02m succinate or acetate being lowest. Reduc- 
tion of the concentration of fumarate by one-half 
increases carotene production, because the final pH 


Table 7. The effect of different nitrogen sources on growth, lipogenesis and carotenogenesis 
in Phycomyces blakesleeanus 


Amount produced per 100 ml. medium in penicillin flasks; temp. 25°; 7-day cultures; mats from two flasks bulked for 
each analysis. Medium C + 1-0% (w/v) Na acetate anhyd. (corresponding to a total content of 1-12%, w/v, acetate) with 
varying nitrogen sources 0-2% (w/v). Yeast conen. 0-1% (w/v). 


Total 
dry wt. 


Nitrogen source (mg.) 





Without yeast 


Ammonium acetate 57-0 
L-Asparagine 49-6 
Glycine 41-6 
L-Leucine (0-1%, w/v) + 59-9 


L-asparagine (0-1%, w/v) 


With yeast 


Ammonium acetate 117-7 
L-Asparagine 91-6 
Glycine 76-6 
L-Leucine (0-1%, w/v) + 122-7 


L-asparagine (0-1%, w/v) 


The effect of B-ionone and diphenylamine on 
carotenogenesis in acetate media 


Mackinney, Nakayama, Buss & Chichester (1952) 
showed that the addition of small quantities of 
B-ionone (about 10,1./100 ml.) to the standard 
(glucose/asparagine) medium greatly stimulated 
carotenogenesis in P. blakesleeanus. The same effect 
has now been observed on the acetate medium C, 
with or without the addition of yeast extract. 
Stimulations of 200-300 % are regularly obtained ; 
e.g. in one experiment the mean value per flask in 





Lipid B-Carotene 
t P \ Ss 
Amount Conen. Amount Conen. 
(mg.) (% (ug-) (p-p-m.) 
14-9 26-2 32-7 573 
10-7 21-6 8-7 176 
12-0 28-9 15-8 380 
18-6 31-1 23-7 396 
30-2 25-7 111-0 943 
19-4 21-2 45°8 500 
19-4 25-4 44-8 585 
26-9 21-9 77-5 632 


is lower than with the higher concentration. When 
the concentration of citrate is reduced, however, 
no change in pH results and there is also no change 
in f-carotene synthesis. The reduced synthesis 
using 0-005 acetate is due to the fact that this 
concentration is insufficient to produce maximal 
growth stimulation; the concentration of the 
B-carotene in the mat remains at its high level. 
The final pH has no obvious effect on the amount 
of growth of the organism but has a profound 
effect on its appearance. At low pH values, the 
mats are bright orange with little or no production 
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of sporangia. At the higher pH values, the mats 
are greenish grey owing to the synthesis of large 
amounts of an alkali-soluble green pigment, and 
sporangia production is considerable. These mats 
are very similar in appearance to those produced on 
agar slants, where the pH is maintained around 6. 

The above observations agree with a previous 
investigation (Goodwin & Willmer, 1952) in which 
it was found that when the standard glucose— 
asparagine medium was buffered so that the final 
pH could not drop to 3-2 or below, carotenogenesis, 
but not growth, was considerably inhibited. 
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slight during growth, reaching its maximal value 
only after completion of growth (Goodwin & 
Willmer, 1952); (ii) although optimum synthesis 
occurs at about the same concentration of acetate 
and glucose (2-0 %), increasing the concentration of 
acetate above this levei reduces synthesis, whilst 
concentrations of glucose up to 10 % (w/v) have no 
deleterious effect (Garton et al. 1951). 

When relative yields on the two media are com- 
pared, 100 yg. of B-carotene are produced on the 
average from 0-75 g. of acetate or 0-35 g. of glucose; 
this is assuming that all the carotene arises from 


Table 8. The effect of the addition of carboxylic acids to a glucose-NH,NO, medium on growth 
and carotenogenesis by Phycomyces blakesleeanus 


Standard glucose—-asparagine medium (Garton et al. 1951) with NH,NO, (0-25%, w/v) replacing asparagine. Amounts 
produced in 8 oz. medicine bottles containing 15 ml. medium; mats from three bottles bulked for each analysis: 7-day 
cultures at 25°; all media originally at pH 5:5. 


B-Carotene 
Total 
Acid added Concentration dry wt. Amount Conen. Final pH 
(as Na salt) (m) (mg.) (ug-) (p.p.m.) of medium 
— Control 14-6 14-2 973 2-70 
Acetate 0-005 39-0 57-6 1476 2-75 
0-01 69-0 73-3 1062 2-70 
0-02 98-6 82 832 2-78 
0-04 104-5 18 17 7-0 
Succinate 0-02 85-4 109 1276 2-75 
Citrate 0-01 96-1 57 593 3-65 
0-02 96-8 49-5 511 3-75 
«-Oxoglutarate 0-02 93-8 52 554 3-70 
Fumarate 0-01 75-2 54 718 3°85 
0-02 93-6 25 266 4-80 
DL-Malate 0-04 119-4 31 259 5-50 


No stimulatory effect on either growth or caro- 
tenogenesis was obtained when the carboxylic 
acids (0-02m) were added either to the acetate 
medium C or to the standard glucose/asparagine 
medium. Tested at higher concentrations (1%, 
w/v) in medium C all the compounds of the tri- 
carboxylic acid cycle, except citrate, produced 
some inhibition of growth and carotenogenesis 
(about 40%); citrate at this level completely in- 
hibited growth. Furthermore, complete replace- 
ment of the glucose in the standard medium by 
any of these acids (except acetate) resulted in 
failure of the mould to germinate, and numerous 
attempts to demonstrate a carotenogenic action of 
these acids in vegetative mats were always un- 
successful. 


DISCUSSION 


B-Carotene synthesis by P. blakesleeanus on 


acetate media differs from that on the standard 
glucose medium in two main ways: (i) carotene 
synthesis closely parallels growth on the acetate 
medium (Fig. 1), whilst on the glucose medium it is 


glucose on the standard (glucose—asparagine) 
medium, an assumption which may not be correct 
(Chichester, Wong & Mackinney, 1954). 

The present results indicate that the optimal 
medium for incorporation of acetate into f- 
carotene is medium C plus 0-5 % (w/v) Na acetate 
(anhyd.) (corresponding to a content of 0-722 %, 
w/v, total acetate) and plus 0-1% (w/v) yeast 
extract, the efficiency of conversion being of the 
order of 0:05% (on a carbon basis). This value 
could be perhaps increased to about 0-15 % in the 
presence of f-ionone, assuming the action of this 
substance is indirect and not due to its incorpora- 
tion into the f-carotene molecule. Its effect is 
certainly indirect on a glucose medium in so far as 
it is not incorporated %n toto, for neither [6-14C]- nor 
[9-4C]-B-ionone (using the carotene numbering 
scheme (Goodwin, 1952b)) is incorporated into p- 
carotene (Mackinney, Nakayama, Chichester & 
Buss, 1953; Engel, Wiirsch & Zimmermann, 1953). 
In either case, the calculation serves to emphasize 
one of the difficulties of investigations on carotene 
synthesis, for even in P. blakesleeanus, considered 
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a good pigment producer, carotene synthesis 
represents only a very minor part of the total 
metabolic activity of the organism. 

Although members of the tricarboxylic acid 
cycle will stimulate growth and carotenogenesis on 
a glucose-NH,NO, medium, it is not possible from 
these experiments to distinguish a specific role of 
this cycle in the biosynthesis of B-carotene, as it is 
considered to play in Sarcina lutea (Arnaki & 
Stary, 1952). The different levels of B-carotene 
synthesis obtained in the presence of equimolar 
quantities of the various members of the cycle is 
almost certainly due to the different final pH of the 
medium in each case. The reason for the stimulation 
of growth in these experiments is not exactly 
known. Foster (1949) suggests that the carboxylic 
acid is metabolized to the corresponding keto acid, 
which then undergoes amination, thus stimulating 
the utilization of nitrogen. Whatever the mech- 
anism is, it cannot be direct because the growth 
increment is much greater than the amount of 
tricarboxylic acid added. 


SUMMARY 


1. P. blakesleeanus cultured on a medium con- 
taining acetate as the sole carbon source grows 
better and produces more f-carotene than on media 
containing lactate or pyruvate as the sole carbon 
source. 

2. In acetate media, yeast extract (0-05-0-1%, 
w/v) stimulates both growth and carotenogenesis. 
Similar results are obtained with lactate media, 
although the stimulation of carotene synthesis is 
not so great. Yeast extract has no effect on growth 
and carotenogenesis in media containing glucose. 

3. Substitution of ammonium acetate by am- 
monium nitrate in the acetate medium does not 
stimulate carotene synthesis, whilst substitution of 
asparagine reduces synthesis. The carotenogenic 
effect of leucine which occurs on glucose media is 
also observed on acetate media. 

4. Addition of either acetate or any member of 
the tricarboxylic acid cycle (0-02m) to a medium 
containing glucose and ammonium nitrate stimu- 
lates growth equally in all cases, but f-carotene 
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synthesis to varying extents. This is mainly due to 
the variation in the final pH values of the media 
rather than to any specific carotenogenic activity 
of a single acid. 

5. Addition of B-ionone or diphenylamine to an 
all-acetate medium stimulates and inhibits caro- 
tenogenesis respectively in the same manner as on 
glucose media. 


We are indebted to the Medical Research Council for a 
grant (T.W.G.) towards Laboratory expenses and for a 
Studentship (J.F.): and to the University of Liverpool for 
a Fellowship (L.A.G.). 
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Dissociation of Human Haemoglobin at Low pH 


By E. O. FIELD anp J. R. P. O’BRIEN 
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(Received 22 November 1954) 


A number of mammalian haemoglobins dissociate 
under certain conditions, such as low protein, high 
salt or high urea concentrations (see review by 
Wyman, 1948). Svedberg & Pedersen (1940) 
claimed to have found evidence for the dissociation 
of human haemoglobin with dilution by observing 
a fall in the sedimentation coefficient at protein 
concentrations below 0:8% (w/v)* However, 
Kegeles & Gutter (1951) showed, on the contrary, 
that down to concentrations of 0-1 % the sedimen- 
tation coefficient of human haemoglobin, at 
pH 7-07, rises linearly with dilution. Moore & 
Reiner (1944) reported that human haemoglobin 
separates—partially at pH 4, completely at 
pH 2-5—into two electrophoretic components with 
sedimentation coefficients of 2-5 and 2-1 respec- 
tively. These values, however, are so low, especially 
compared with the value, reported by these 
authors, of 5-5 at pH 7-5, as to suggest that dissoci- 
ation, if present, must have been accompanied by 
a considerable degree of denaturation. This con- 
clusion is supported by the present authors’ 
findings (unpublished) of two electrophoretic 
components at pH 7-47 and 9-15 in a sample of 
haemoglobin prepared from old blood from a blood- 
bank, and by evidence, presented below, that 
denaturation occurs rapidly at pH values below 
3-5-4-0. 

Some studies, in this laboratory, on human 
carboxyhaemoglobin disclosed a lowered sedimen- 
tation coefficient at pH 5-06, accompanied by a 
raised diffusion coefficient. This finding led to the 
investigations, described here, on the effects of low 
pH in producing dissociation of human carboxy- 
haemoglobin and on the extent to which factors 
such as protein concentration, ionic strength, 
nature of the buffer, and the presence of copper 
influence this dissociation. Dissociation was 
studied mainly by observing changes of the sedi- 
mentation coefficient, but in addition some diffusion 
coefficient determinations were carried out in 
order to ascertain the changes in molecular weight 
and shape. Reversibility of the dissociation was 
studied by examining the effect of neutralization on 
the sedimentation coefficient and by analysis of the 
ultracentrifuge ‘schlieren’ boundary curves, by 
a method discussed later. 

* Tn all subsequent expressions of protein concentration 
thesymbol % alone will denote w/v unless otherwise stated. 





EXPERIMENTAL 
Material 


Carboxyhaemoglobin was prepared from freshly drawn or 
1-week-old blood from a blood-bank, by the method of 
Jope & O’Brien (1949). Stock solutions contained the 
protein in distilled water and were stored at 0°. 


Buffers 


Reference to buffer solutions in the text will be made 
according to the first names appearing in the list below. The 
compositions, except for total molarities, were as given in 
the tables published by the authors listed and pH deter- 
minations were made with a glass electrode, against 
0-05 potassium hydrogen phthalate (pH 4-00) as standard. 

Acetate: sodium acetate-HCl (0-1mM with respect to 
sodium acetate) (Vogel, 1951). 

Acetate—urea: as above, containing 0-1M urea. 

Acetate—veronal: sodium acetate-sodium barbital-HCl 
(0-05m with respect to each of the first two) (Michaelis, 
1931). 

Glycine-NaOH: glycine-NaCl-NaOH (0-1™ with respect 
to each of the first two) (Vogel, 1951). 

Phosphate: Na,HPO, anhydrous-KH,PO, (0-033m with 
respect to phosphate) (Vogel, 1951). 

Sedimentation. This was observed in a Svedberg oil- 
turbine ultracentrifuge at 900 rev./sec. using the bar- 
schlieren optical system (Baldwin, 1953). A tungsten- 
filament lamp was used as light source with a 600 mp. 
filter. Sedimentation coefficients were calculated by the 
method of Cecil & Ogston (1948) and are expressed in the 
text as 10% x value in c.g.s. units reduced to 20° and 
solution in water. Samples in acetate—veronal and phos- 
phate buffers were prepared by diluting stock haemoglobin 
solution (in distilled water) with buffer and dialysing at 
0-5° against several changes of buffer; those in acetate, 
acetate-urea and glycine-NaOH buffers by diluting stock 
solution with buffer to the required final concentrations 
immediately before a run. 

Diffusion. This was measured in the Gouy diffusiometer 
(Middlesex Hospital) described by Creeth (1952) or in the 
Oxford Gouy diffusiometer (Coulson, Cox, Ogston & 
Philpot, 1948). Diffusion coefficients are expressed as 
10? x value in c.g.s. units, reduced to 20° and solution in 
water. Solutions were dialysed for 72 hr. at 0-5° before 
being used for diffusion measurements. 


RESULTS 


Sedimentation and diffusion coefficients at pH 6- 
11. Fifteen determinations in acetate—veronal and 
glycine-NaOH buffers at pH values ranging from 
6 to 11, with protein concentrations from 0-75 to 
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1:0%, gave a mean sedimentation coefficient of 
4-24+0-07 (standard deviation). This standard 
deviation is similar to that found by Cecil & 
Ogston (1948) to represent the normal experi- 
mental variation: hence there was no evidence of 
pH dependence within this range. 

Seven determinations in phosphate buffer pH 8, 
with protein concentrations from 0-25 to 1-:0%, 
gave a mean diffusion coefficient of 6-9+0-1. No 
concentration dependence was shown. 

These values agree with the value of 4-18 for the 
sedimentation and of 6-9 for the diffusion coeffi- 
cient, reported by Kegeles & Gutter (1951) and by 
Lamm & Polson (1936) respectively. 

Sedimentation coefficients at pH below 6. Curve A, 
Fig. 1, shows that in acetate buffer, with protein 
concentration of 0-71%, the sedimentation coeffi- 
cient begins to fall at pH 5-5-6-0. The curve 
begins to flatten out at pH 3-5. At this pH the 
solution darkened rapidly during the experiment 
with the onset of denaturation (see below). 


10"x S,, 





Fig. 1. Effect of pH below 6 on human carboxyhaemo- 
globin (0-71%). Curve A: acetate buffer alone; curve B: 
acetate buffer containing urea or barbiturate. Buffers 
indicated thus: @, acetate; O, acetate—urea; A, 
acetate—-veronal; A, phosphate containing 0-1M urea. 
Compositions as given in text. 


Nature of buffer. Curve B, Fig. 1, shows that 
dissociation is facilitated by the addition of 0-1m 
urea to the acetate buffers of curve A. In the 
presence of urea the curve is steeper and begins 
to flatten out at a lower value of sedimentation 
coefficient. The points obtained with acetate— 
veronal buffers, which at these pH values are 
saturated with respect to the barbiturie acid, fit 
curve B remarkably well. 

The relative effects of phosphate, acetate and 
acetate—urea buffers at pH 5-42 are compared in 
Table 1. 
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Effect of salt concentration. Table 2 shows the 
sedimentation coefficients obtained in acetate 
buffer, pH 4-80, in the presence of NaCl at concen- 
trations 0 to 1-0 molar. In this range no significant 
effect on the sedimentation coefficient was ob- 
served. 


Table 1. Depression of sedimentation coefficient 
at pH 5-42 by different buffers 


Molarities as listed in text. 


Buffer 10! x Syo 
Phosphate 4-18 
Acetate 4-03 
Acetate—urea 3-81 





Table 2. Sedimentation coefficients at different salt 


concentrations 


Acetate buffer pH 4-80. 


NaCl molarity 10} x Sao 
0-0 3-65 
0-2 3-74 
0-5 3-62 
1-0 3°69 


Effect of protein concentration. The sedimentation 
coefficients in acetate buffer at pH 4-96 were found 
to be 3-73 with 0-71% protein and 3-01 with 
0-21%; in acetate—urea buffer at pH 4-94 they 
were 3°67 with 1-74% protein and 3-40 with 
0-35 %. A less direct comparison could be made of 
the sedimentation coefficient of 2-99 obtained for 
0-47 % protein in acetate—veronal buffer at pH 4-58 
with the corresponding value of 3-18 given by 
0-71 % protein on curve B, Fig. 1. Thus the degree 
of dissociation appears to increase with dilution. 

Reversibility of dissociation. This was investi- 
gated by three methods. 

(a) A sample of carboxyhaemoglobin was 
dialysed 24hr. against acetate—veronal buffer, 
pH 5-0, the sedimentation coefficient determined, 
and the sample redialysed against this buffer at 
pH 7-5 for a further 48hr. The sedimentation 
coefficient fell to 3-39 at pH 5-0 and returned to 
4-23 at pH 7-5. In a second sample dialysed 48 hr. 
against acetate—urea buffer, pH 4-72, and then 
redialysed 72 hr. against phosphate buffer, pH 7-06, 
the sedimentation coefficients found were 2-70 and 
4-18 respectively. 

(6) A sample of carboxyhaemoglobin was pre- 
pared by diluting the stock solution with acetate— 
urea buffer of pH 3-60 immediately before a 
sedimentation run. At the end of the run it was 
neutralized by the addition of phosphate buffer and 
an amount of NaOH equivalent to that of HCl 
initially present. The sedimentation coefficient at 
pH 3-60 was 2-85 and at pH 7-50 rose to 3-87. 
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Thus, after exposure to pH 3-60 for 1 hr. at room 
temperature, the sedimentation coefficient did not 
completely return to normal. 

(c) Boundary spread in the ultracentrifuge was 
analysed by the method discussed below. By the 
criteria of this method human carboxyhaemo- 
globin appeared to be homogeneous in acetate— 
veronal buffer, at pH 6-73, 7-1, 7-51, 7-84 and 8-98 
as well as at pH 5-06. The significance of the last 
finding in relation to the reversibility of dissocia- 
tion is discussed. 

Effect of copper on dissociation. The addition of 
copper acetate to the acetate buffer, pH 4-94, with 
which carboxyhaemoglobin was diluted immedi- 
ately before a sedimentation run, produced no 
significant effect on the sedimentation coefficient, 
with molar ratios of copper to haemoglobin 
(calculated for mol.wt.= 60000), up to 1-0 at a 
protein concentration of 0-425 % (see Table 3), or in 
the presence of urea, with copper:haemoglobin 
ratios up to 34:0 at a protein concentration of 
0:35 % (see Table 5). 


Table 3. Effect of copper on dissociation 
of native haemoglobin 


Protein 0-425%. Acetate buffer pH 4-94. 


Copper/haemoglobin 
molar ratio 103 x Soo 
0-0 3-09 
0-1 3-06 
0-33 3-05 
1-0 3-09 





Table 4. Effect of copper on dissociation of 
partially denatured haemoglobin 


Protein concentration 0-425%. Acetate buffer pH 4-94. 


Copper/haemoglobin Days stored 
molar ratio at —20° 1033 x Soo 
0-0 30 3-02 
0-74 0 3-22 
1-0 30 3-30 
2-0 33 3-19 
3-0 34 3-21 
4-0 34 3-15 
0-0 34 3-02 
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However, it was found that with carboxyhaemo- 
globin which had been exposed to pH 4-94 at 0-5° 
for about a week the sedimentation coefficient had 
risen from 2-74 (Table 5, line 2) to 3-02, presumably 
due to the onset of denaturation. The addition of 
copper to this sample produced a further rise in the 
sedimentation coefficient, to a mean value of 3-21, 
which was already maximal at a copper: haemo- 
globin ratio of 0-74 and did not vary significantly at 
copper:haemoglobin ratios from 0-74 to 4-0. In 
order to eliminate the possibility of the protein 
denaturing further during the course of these 
experiments, the sample was divided into a number 
of portions which were stored in separate test- 
tubes at —20° until required. A sedimentation 
coefficient of 3-02 was again obtained in the 
absence of copper at the end of the series, thus 
indicating that no further denaturation had 
occurred during storage at — 20° (see Table 4). 

Maximum dissociation. Table 5 shows the sedi- 
mentation coefficients so far obtained under condi- 
tions of pH or protein concentration which would 
favour a high degree of dissociation. Both this 
Table and curve B, Fig. 1, suggest that about 2-7 
may represent a limiting value for the sedimenta- 
tion coefficient. 

Diffusion coefficients. Two sets of determinations 
were carried out: the first on the effect of low pH on 
the diffusion coefficient with a protein concentra- 
tion of 0-71%, the second on the concentration 
dependence of dissociation at pH 4-88. The results 
are shown in Tables 6 and 7. 

It will be seen that the diffusion coefficient rises 
with fall of pH in the range in which the reverse 
effect is shown by the sedimentation coefficient. 
There appears also to be a small rise in diffusion 
coefficient with dilution; in view of the reproduci- 
bility at the higher concentrations, within + 0-03, 
this rise is probably significant. 


DISCUSSION 


These studies have established that the human 
carboxyhaemoglobin molecule dissociates at pH 
values below about 6-0, and that this dissociation 


Table 5. Sedimentation coefficients of highly dissociated carboxyhaemoglobin 


Protein 
concentration 
(g./100 ml.) pH Buffer 1013 x Soo 
0-71 3-60 Acetate—urea 2-85 
0-425 4-94 Acetate 2-74 
0-35 4-94 Acetate-urea dialysed 24 hr. 2-79 
0°35 4-94 Acetate—urea with copper: Cu/Hb =34-0 2-69 
0-35 4-94 Acetate—urea with copper: Cu/Hb =4-3 2-75 
0-35 4-94 Acetate—urea with copper: Cu/Hb =1-4 2-74 
0-35 4-94 Acetate-urea with copper: Cu/Hb =0-57° 2-74 
0-35 4-94 Acetate—urea with copper: Cu/Hb=0-51 2-72 
0-35 4-94 Acetate—urea 2-70 
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appears to be facilitated by urea and by barbi- 
turate. 

It has been claimed that urea affects the shapes 
of horse albumin and myoglobin molecules 
(Cohn & Edsall, 1943), but it is unlikely that the 
additional reduction in sedimentation coefficient of 
human carboxyhaemoglobin, at low pH, produced 
by urea is due to this effect, in view of the re- 
latively large changes in axial ratio or hydration 
that would be required to explain the changes in 
sedimentation coefficient (e.g. 8% at pH 5) which 
occur in passing from curve A to curve B, Fig. 1. 


Table 6. Effect of low pH on the diffusion coefficient 
of carboxyhaemoglobin 


Protein concentration 0-71 %. 


Buffer pH 10? x Day 
Acetate—veronal 515 7-35 
Acetate—veronal 515 7-35 
Acetate—urea 4-95 7-58 
Acetate—veronal 4-88 7-69 
Acetate—veronal 4-88 7-74 


Table 7. Effect of haemoglobin concentration 
on diffusion coefficient 


Acetate—veronal buffer pH 4-88. 


Protein 
concentration 
(g./100 ml.) 10? x Doo 
0-71 7-69 
0-71 7-74 
0-48 7-80 
0-48 7-83 
0-24 7-85 
0-24 8-02 


Moreover, normal values for sedimentation co- 
efficient were obtained in phosphate buffers 
containing 0-1M urea at pH 7-0 and 8-0 (see Fig. 1). 
It is interesting to note that the same reduction of 
sedimentation coefficient is produced by 0-1M urea 
as by 0-05 (effectively saturated) barbituric acid. 
The explanation may lie in the chemical relation- 
ship of these two compounds. 

The reversibility of the dissociation was indi- 
cated by the return of the sedimentation coefficient 
to its normal value when the pH was raised from 
below 5:0 to above 7-0 by dialysis. However, there 
was evidence that below pH 4, in the presence of 
urea, irreversible denaturation sets in rapidly, for 
on neutralization after an hour’s exposure to 
pH 3-60 the sedimentation coefficient did not 
entirely return to its normal value. 

The fact that sedimentation coefficients had 
reached their new values within 20 min. of lowering 
the pH—by the method of diluting with buffer 
immediately before a sedimentation run—indi- 
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cates that the dissociation is rapid. The rapidity 
with which equilibrium between the undissociated 
molecule and its dissociated products is attained is 
further demonstrated by analysis of the boundary 
schlieren curves, by the method of Baldwin (1953), 
based on that of Williams, Baldwin, Saunders & 
Squire (1952). This involves computation of the 
second moment of the distribution of material in 
the boundary. Correction is first applied for the 
effects of the non-uniform centrifugal field and for 
the dependence of the sedimentation rate on con- 
centration, based on results of Kegeles & Gutter 
(1951) by the following relationship: 


t 
C2 = o'+ 2 o(2w*x.xAc— w*Soa) dé, 
0 

where 


o? =apparent second moment, obtained by the 
height and area method. 


w =angular velocity of rotation. 


S =sedimentation coefficient under the conditions 
of the experiment. 


«x =slope of the sedimentation coefficient/concen- 
tration curve. 


Ac= 0-34 x concentration = difference between con- 
centrations at the centre of the boundary and 
at the standard deviation of the concentra- 
tion gradient curve. 


a =distance of centre of boundary from centre of 
rotation. 


To evaluate the integral, a quantity q defined by 
q=ow*(2axAc— So) 


was calculated at the time of each photograph, and 
the integral replaced by 


t 
24 ar=al OF, BE | At. 
‘ 2 2 


This corrected spreading of the boundary of a 
homogeneous solute should represent a pure 
diffusion process, i.e. should be linear with time. 
The effect of heterogeneity, uncomplicated by 
reversible dissociation, is to cause an additional 
variation of ¢?,,. linear with #2: appreciable hetero- 
geneity should therefore give a o2,,,/t plot showing 
an upward (positive) curvature. The results of this 
analysis (see Fig. 3 in the succeeding paper) show 
that o2,,. appears to be linear with ¢ whether or 
not dissociation is taking place. This appearance 
of homogeneity could only result if equilibrium 
between the two forms were established rapidly in 
relation to their differential rates of migration. In 
the absence of dissociation, the slope of o2,,,. against 
t should measure 2D; D is the diffusion coefficient. 
Values of D obtained in this way at pH values 
above 6 lay between 7-5 and 8-0. Their average 


42-2 





660 E. O. FIELD AND J. R. P. O'BRIEN 1955 


value was 10% higher than the value directly calculated from the equation: «= (S,—S)/(S,—S,), 
determined (6-9+0-1). This difference is probably on the assumption that the molecule dissociates 
due to systematic errors in measuring the optical into identical halves of sedimentation coefficient 
record. At pH 5-06 the slope of o2,,. against ¢ 2-6. (For the derivation of this equation see suc- 
measured the spreading due to the combined ceeding paper.) This theoretical value for the 
effects of diffusion and heterogeneity: this could be sedimentation coefficient of a half-molecule of 
expressed as an apparent diffusion coefficient D’, of — slightly greater frictional ratio than the whole 
value 13-7. agrees well with the lowest value of 2-69 observed 
Copper appears to induce a re-association of experimentally. Using the computed values for the 
dissociated haemoglobin which has been partially degrees of dissociation and the value of 8-45 for the 
denatured. The fact that native haemoglobin is not diffusion coefficient of the half-molecule obtained 
so affected suggests that groups, capable of com- from the relationship D,=2D,S;/S, (where 
bining with copper, are released during the process _ suffixes A and B denote the whole or the half- 
of denaturation. Recent work by Ingram (1955) molecule respectively) the average diffusion co- 
showed that denaturation of human haemoglobin _ efficient, D, corresponding to any given degree of 
by sodium dodecyl sulphate in a molar ratio of dissociation was calculated from the equation 
200:1 is accompanied by an increase of free SH (Ogston, 1949): 
groups, detectable by silver nitrate, from 4 to 8. a 
Fis meenets that SH groups may be implicated in iJD=a//D,+ (—a)//D, 
this copper effect. (which applies to diffusion coefficients determined 
The molecular weight of human haemoglobin, by the Gouy method). The results, shown in 
computed from the sedimentation and diffusion Table 8, agree very well with those determined 
results, using the equation of Svedberg & Pedersen experimentally. 


Table 8. Summary of principal results: sedimentation coefficients, diffusion coefficients, molecular weights 
and frictional ratios of carboxyhaemoglobin for different degrees of dissociation 


Buffer concentrations as listed in the text. 











Protein Average 
concentration 10° xD, 10°xDy molecular Degree of 
(g./100 ml.) Buffer pH found calculated 10! x Sy5 weight dissociation Sifo 
0-71 Phosphate 8-0 6-91 —- 4-24 59 400 0 1-18 
0-71 Acetate—veronal 5-15 7-35 7-48 3-56* 46 800 0-41 1-19 
0-71 Acetate—urea 4-95 7-58 7-59 3-41* 43 600 0-51 1-19 
0-71 Acetate—veronal 4-88 7-72 7-68 3-36* 42 100 0-54 1-19 
0-24 Acetate—veronal 4-88 7-94 — _ — — are 
0-22 Acetate—urea 4-88 8-03 3-00 36 600 0-76 1-20 
* From curve B, Fig. 1. 

(1940) and assuming a partial specific volume of SUMMARY 

0-749 was 59400 with a frictional ratio f/f, of 1-18. 

Wyman (1948) quotes a value 63000 for the mole- 1. Measurements have been made of the sedi- 


cular weight. The difference of this from the present mentation and diffusion of human carboxyhaemo- 
value depends almost entirely on the high value’ globin, over ranges of pH, buffer composition, 
used by Wyman for the sedimentation coefficient concentration and in the presence and absence of 
(4-48, Svedberg & Pedersen, 1940); this value is urea or copper. 

certainly too high (see Cecil & Ogston, 1948; 2. The results show that these properties of the 
Kegeles & Gutter, 1951). The average molecular protein are independent of conditions between 
weights and frictional ratios at the lower pH values pH 6 and 11; between pH 3-5 and 6 a rapidly 
were similarly calculated by combining diffusion reversible dissociation occurs into particles of 
results with corresponding sedimentation values about half the particle weight and about the same 
obtained by interpolation in curve B (Fig. 1) for _ frictional ratio as that of the undissociated material. 
haemoglobin concentrations of 0-71%, or at lower Below pH 3-5, or on prolonged exposure to pH 5, 
concentrations by combining sedimentation results an irreversible denaturation occurs. 

for 0-22 % in acetate—urea with diffusion results for 3. The dissociation is increased by dilution, by 
0-24% in acetate—veronal buffer. The results are lowered pH and by the presence of urea and 
given in Table 8. Dissociation appears to be _ barbitone. 

accompanied by a small, possibly insignificant, 4. Copper induces reassociation of partially 
increase in frictional ratio. Table 8 also gives the denatured material but is without effect on native 
degrees of dissociation at different pH values, haemoglobin. 
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Boundary Spreading in the Migration of a Solute in Rapid Dissociation 
Equilibrium. Theory and its Application to the 
Case of Human Haemoglobin 


‘ 


By E. O. FIELD anp A. G. OGSTON 


Department of Biochemistry (Radcliffe Infirmary), and Department of Biochemistry, University of Oxford 


It has been generally realized that no resolution of 
boundaries will occur in moving boundary trans- 
port experiments (sedimentation or electrophoresis) 
where two or more components are in an associa- 
tion—dissociation equilibrium which is established 
rapidly compared with the differential rate of 
migration. A single boundary will be observed 
which moves with the weight—mean velocity of its 
components (Tiselius, 1930), and which spreads 
more rapidly than is accounted for by diffusion. 
Qualitative discussions of this phenomenon have 
been given by Longsworth & MacInnes (1942), 
Alexander & Johnson (1949), Gilbert (1953) and 
Ogston (1953). Ogston (1946) attempted a quanti- 
tative treatment for the case of electrophoretic 
migration, but his allocation of a constant ‘mean 
life’ to each component is an over-simplification. 
Typical behaviour of this kind has been observed 
with a number of protein systems; Klotz (1953) 
mentions most of the earlier examples. Recent 
observations are those of Smith, Kimmel & Brown 
(1954) on papain and Field & O’Brien (1955) on 
human haemoglobin. 

In this paper a theoretical treatment is given and 
applied to human haemoglobin. 


THEORY 


Qualitative. It is easy to see, in a qualitative way, 
that a mobile equilibrium between two or more 
forms, which migrate at different rates, will lead to 
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a boundary spreading in addition to that due to 
diffusion. At any moment the solute will be 
distributed amongst its various forms. Provided 
that these forms have finite mean lives, a differ- 
ential migration will occur during the next short 
interval of time. If, after this interval, there were 
a necessary reversion of fast into slow, and vice 
versa, the resolution produced in the first interval 
would be exactly reversed in the next interval. 
However, the statistical view of the nature of such 
a dynamic equilibrium demands that the be- 
haviour of particles should be independent of their 
immediately previous history. The spreading 
produced during the first interval will therefore 
remain, and will be increased by similar spreading 
in the next interval, and so on. Evidently the 
spreading will be greater, as the difference of 
velocities between the forms and their mean lives 
are greater. 

Quantitative. For simplicity it is assumed that 
the solute can exist in two states, A and B, in which 
it migrates at different velocities V, and V,, and 
that these states are interconvertible 

ky 
A=B 
k, 
at arate sufficient for equilibrium between them to 
be maintained in spite of their differential migra- 
tion. Thus at all points 


k,[A]=k,[B], 
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or, if the fraction of the total concentration c in the 
form B is a k,(1— a) = kya. (1) 

Baldwin (1953a) has shown for sedimentation 
that the rate of migration of the median of a 
boundary formed by polydisperse material is 
equal to the weight-mean rate of migration in 
the region of uniform composition ahead of the 
boundary; the same conclusion should apply to the 
descending boundary in electrophoresis. Thus, if 
a is the fraction in form B and Vay, Vog are the 
velocities of A and B in the region of uniform com- 
position, the median of the boundary moves with 
velocity = V=(1—%4) Vout % Von (2) 
(cf. Tiselius, 1930). This median velocity provides a 
frame of reference with respect to which the relative 
movements of A and B may be measured. At any 
point in the boundary 

v,=V,-J,) 

vg=V,— V. j 
V,5 Vz and V,, Vz refer to this particular point in 
the boundary; in general, they are not constant 
quantities, but are functions of concentration and 
of other quantities which may vary through the 
boundary. 

We may now specify the flux of material across 
some arbitrary plane within the boundary, defined 
by position 2 measured relative to the moving 
frame of reference, moving at velocity V. Suppose 
that V,>V,,s0 that v, is positive and v, negative. 
Only material in form A can cross the plane in a 
positive direction, and in form B in a negative 
direction. The rate of positive transport across the 
plane is then v,[A] and that of negative transport 
v,B]. If the equilibrium is established infinitely 
rapidly, the values of v,[A] and v,[B] are those at 
the plane; but if equilibrium is not established 
infinitely rapidly, the values of v, and [A] refer, 
not to the plane, but to a mean position —§,/2 on 
the negative side of the plane where 8, is the mean 
distance moved by A during its mean life in this 
form. (If equilibrium is infinitely rapidly estab- 
lished, the mean life becomes infinitely small.) 
Now the mean life of A, 

Tie, 
so that $,=0,7,=0,/k,. (4a) 
Similarly, v, and [B] refer to a position 5,/2 on the 
positive side of the plane and, using Eqn. 1 
83= —UgTg= —Up/ko= —vgu/ky(l—a). (4b) 
If subscript x indicates the value at the reference 
plane, the positive flux (J+) is 


5, d 
"3 de 5, (val AD 


(3) 


J+=v,,[A], 


=" sl Al,— d fA); ’ 


ee 
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similarly, the negative flux (J_) is 


5, d 
J_= Vepl Bla — oa (v,[B]) 
= Uz,[B],— nee dz (v pL B)). 


Then the total flux across the plane, due to the 
differential migration is 


Jp=JIs4I- 


1 d 
=(esfA1 + eof BDe— 55 {ra 5 (eafAD 
1 


Vpe 

Gas <(e esfB)} . (5) 

Eqn. 5 shows the salient characteristics of this type 

of transport; namely, that it is the sum of two 

terms, one containing only the velocities and con- 

centrations, the other containing their differential 

coefficients. To evaluate it requires knowledge of 

the values of these quantities at any chosen point 
within the boundary. 

In order to make Eqn. 5 more useful, we now 
make two specific assumptions: (i) that V,, V, are 
constant and equal to V,, and Vz; in most cases 
these quantities will, at the worst, vary much less 
rapidly through the boundary than will the con- 
centrations; (ii) that A dissociates into n equal 
fragments when it forms B; the equilibrium may 
then be expressed 








_ (ca)" 
~ e(1—a)” (8) 
From this it follows that 
dfe(1 a bas (7) 


Replacing v, and v, in Eqn. 5, using Eqns. 2, 3 
and 7, and replacing [A] and [B] by c(1—«) and ca, 
we obtain 





T= (Vou —Vog) (% —%) © 
(Vox — Von)? {20%q2(1 — x)? + (1 — a%)?x?) d(ca) de 
——— a(1 —«) de dx’ 
(8a) 
which may be represented by 
J7=&e—lde/da, (8b) 


€ and ¢ representing the complex coefficients in 
Eqn. 8a. 

Eqn. 8 again shows that the flux across a plane 
within the boundary is the sum of two terms. 
Both, when finite, are negative in sign. The values 
of both terms are zero except within the boundary, 
and they therefore express redistribution of 
material within the boundary, not a flux through 
the boundary as a whole. The first term is pro- 


portional to concentration, so that its value is 








ww 
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independent of time; the second term is propor- 
tional to dce/da (as is flux due to diffusion) and its 
value therefore decreases with time as the boundary 
spreads. 

It is interesting to note that if n=1, then « is 
constant = % ; the mean lives of A and B are then 
independent of concentration and the flux becomes 

Je= _ (Vox — Vo)? 
ky 


which is identical with the corresponding flux 
obtained from the equation given by Ogston (1946). 

In order to give a complete description of 
boundary spreading it is necessary also to allow for 
the flux due to diffusion. It is assumed that this 
flux can be added to that given by Eqn. 8, that is 


a(1—«a) de/da, 


J=JSptdy i 
= &ce— fde/da — Dde/dz, (9) 
D being the weight-mean diffusion coefficient, 


where D=(1—«) Ds +aDz. 


Computation of boundary spreading 


Although Eqn. 9 cannot be directly integrated, 
all the necessary values are available from the 
results obtained on human haemoglobin, in the 
preceding paper, to enable an approximate inte- 
gration to be performed. The case considered 
corresponds with the experiment on haemoglobin 
at pH 5-06 in acetate—veronal buffer. The computa- 
tion was performed in the following stages: (i) 
using the mean sedimentation coefficient 3-4 
together with the sedimentation coefficients of the 
undissociated and fully dissociated forms, 4:3 and 
2-7 respectively, in Eqn. 2 gives «,=0-56. Putting 
this value into Eqn. 6 with n=2 and c=1-0 gives 
K=0-71. From K, a curve of « against c was 
calculated. (ii) Using the a—c relationship values of 
é and ({+D) (Eqn. 9) were calculated and plotted 
against c (Fig. 1). In order to calculate { (Eqn. 8b), 
some assumption had to be made about the value 
of k,; the only evidence on this (preceding paper) 
is that it is greater than 1/20 min.—!; a value of 
1/200 sec.-! was assumed. V,,, Vo, were assumed 
to be given by w*rS, where w (angular velocity of 
rotation) was taken as 5-7 x 10* radians sec.—}; 
r (radius of rotation at the boundary) was taken as 
5-5 em.; © (sedimentation coefficient) was taken as 
4-3 and 2-7x 10-15, respectively. Finally, taking 
D, as the measured value at pH 8-0 of 6-9 cm.? 
sec.-!, D, as 2D,S,/S, (this follows from the 
assumption that n=2), D was calculated as a 
function of c. (iii) The boundary was assumed at 
4-5 sec. to have the simplified form shown in Fig. 2; 
the unit values of 8a were taken as 5x 10-* cm. 
(iv) The amount of material transported across the 
planes —1, 0, +1 in the course of the ensuing 
7-5 sec. were then calculated using Eqn. 9. (v) The 
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resulting changed average concentrations in the 
four laminae were thus obtained, and the new form 
of the boundary was plotted. (vi) A further pair of 
planes (—2, +2) were added. Stages (iv), (v) and 
(vi) were then reiterated, with the time intervals 


‘chosen so as to give equal increments of #, corre- 


sponding approximately with a total spreading 





~ 


0 
01 02 03 04 05 06 07 08 09 10 
c (g./100 ml.) 





Fig. 1. Curves of & (dashed line) and of (£+D) (full line) 
plotted against c, g./100 ml. (Eqn. 9). 





—2 -1 0 +1 +2 


Fig. 2. Method of integrating Eqn. 9: full line, assumed 
initial form of boundary at 4-5 sec. Ordinates, concen- 
tration; abscissa, distance zx. Constructional lines 
dashed. Vertical lines represent planes enclosing laminae 
of thickness a =5 x 10-* em. 
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coefficient of 12-3 x 10-7 em.? sec.—1, taken from the 
experimentally determined value of 13-7 x 10-7 
cm.” sec.—!, corrected for the systematic error in 
measurement. As soon as the number of laminae 
justified it, smoothed curves were drawn through 
the calculated values of ¢ and dce/dz, and were used 
for the ensuing stage. The computation was 
carried through nineteen stages, the total elapsed 
time being 4500 sec. 


Shape of boundary schlieren curves 


In view of the small concentration-dependence of 
sedimentation rate, the boundary curves of homo- 
geneous haemoglobin (pH>6) should be sym- 
metrical; in fact they were found to be slightly 
asymmetrical, the trailing limb being steeper than 
the advancing limb. The ratio of slopes at the 
points of inflexion was independent of time; the 
effect was, therefore, almost certainly the result of 
the optical system being slightly out of focus. The 
experimental boundary curves obtained at pH 5-06 
showed a changing ratio of slopes, the trailing limb 
starting steeper and becoming less steep than the 
advancing limb. Correction for the optical dis- 
tortion (on the basis of that observed at pH>6) 
gave curves initially symmetrical, and becoming 
increasingly asymmetrical with time, the trailing 
limb being the less steep. 


DISCUSSION 


Rate of boundary spreading. Williams, Baldwin, 
Saunders & Squire (1952) and Baldwin (1953b) 
have shown that a plot of o? against ¢, after 
correction of o? for the effects of variation of the 
centrifugal field and of variation of sedimentation 
rate with concentration, will be linear for a homo- 
geneous substance and will show a curvature (its 
slope increasing with t) if two or more components 
are present which sediment at different rates. 
Linearity of this plot may therefore provide 
evidence of homogeneity with regard to rate of 
sedimentation. If, in the present case, there were 
not a mobile equilibrium between the two forms of 
haemoglobin (that is, k= 0), then for the case where 
a = 0-56, o? is given by i 

o? = 2(0-56D, + 0-44D,) t 

+ 0-56 x 0-44{rw?(S, —S,)}?2. 
This has a very obvious curvature (Fig. 3), its slope 
at t=0 being 15-6 and at t= 4500 sec. 34-0 x 10-7. 
If there were an infinitely rapid equilibrium between 
the two forms (k= 00), the system would behave as 
a single homogeneous component. 

Evidently as k decreases from o0 to 0, an in- 
creasing curvature of the o?, t plot is to be expected ; 
however, it is not easy to see from Eqns. 8 and 9 at 
what value of k curvature will become appreciable. 
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In the case of k=1/200sec.-1, which does not 
represent a very high rate of association—dissocia- 
tion, our computations show (Fig. 3) no obvious 
curvature up to 4500 sec. One must conclude that 
this type of analysis will therefore not necessarily 
reveal heterogeneity if there is a moderately rapid 
equilibrium between the different forms of the 
solute. 


; 


12 


= 
ce oO 


a” (cm.? X 10”) 
o 


12 24 36 48 
t (sec. x 10’) 


Fig. 3. Plots of o? against t. O, pH 7-5 observed; @, 
pH 5-06 observed; A, pH 5-06 predicted for a system in 
mobile equilibrium where k=5x10-*; A, pH 5-06 
predicted for a system where k=0 and «=0-56. 


The computed value of the spreading coefficient 
(do?/2dt) of 13-5 x 10-7 is to be compared with the 
corrected observed value of 12-3 x 10-7 (see above). 
The agreement is satisfactory in view of the un- 
certainty of the value of k. Diffusional spreading 
alone would account for about 8x 10-’, which 
shows that in this case the spreading expressed by 
Eqn. 8 accounts for about 40% of the whole. This 
proportion would increase with decrease of k. 

Shape of the boundary. The form of Eqn. 8 
suggests a skewing of the boundary in the sense of 
the trailing limb being the less steep, as is observed. 
The quantity p,/p.*/* (Aitken, 1939) which is a 
measure of skew is 0-23 for the observed boundary 
at 4800 sec. and 0-15 for the computed boundary at 
4500 sec. 


SUMMARY 
1. A theoretical treatment of boundary spread- 


ing in a rapidly dissociating system is given, which 
is valid for sedimentation or electrophoresis. The 
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case considered is Az=n”B, but the treatment could 
be easily extended. It leads to a differential 
equation for transport of material across a plane, 
due to the combined effects of differential migra- 
tion velocities and diffusion. 

2. Although the differential equation cannot be 
directly integrated, numerical integration can be 
performed. This has been done, using the various 
quantities appropriate to human haemoglobin at 
pH 5-06, available from the experimental results of 
the preceding paper; only the velocity constant of 
the dissociation has to be guessed. 

3. The agreement between the calculated and 
observed spreading of the boundary is satisfactory. 
In particular it is shown that the shape of the 
boundary and the variations of its rate of spreading 
with time are remarkably insensitive to the 
heterogeneity caused by a fairly rapidly established 
dissociation equilibrium. 


BOUNDARY SPREADING: THEORY AND APPLICATION 


REFERENCES 


Aitken, A. C. (1939). Statistical Mathematics, p. 37. 
Edinburgh: Oliver and Boyd. 

Alexander, A. E. & Johnson, P. (1949). Colloid Science, 
p- 279. Oxford University Press. 

Baldwin, R. L. (1953a). Biochem. J. 55, 644. 

Baldwin, R. L. (19535). Thesis, University of Oxford. 

Field, E. O. & O’Brien, J. R. P. (1955). Biochem. J. 60, 656. 

Gilbert, G. A. (1953). Disc. Faraday Soc. no. 13, p. 159. 

Klotz, I. M. (1953). In Neurath, H. & Bailey, K., The 
Proteins, p. 727. New York: Academic Press. 

Longsworth, L. G. & MacInnes, D. A. (1942). 
Physiol. 25, 507. 

Ogston, A. G. (1946). Nature, Lond., 157, 193. 

Ogston, A. G. (1953). Disc. Faraday Soc. no. 13, p. 165. 

Smith, E. L., Kimmel, J. R. & Brown, D. M. (1954). 
J. biol. Chem. 207, 533. 

Tiselius, A.(1930). Nova Acta Soc. Sci.upsal.1v,7,no.4, p. 1. 

Williams, J. W., Baldwin, R. L., Saunders, W. M. & 
Squire, P. G. (1952). J. Amer. chem. Soc. 74, 1542. 


J. gen. 


Clearing Factor and Lipase 


By G. A. OVERBEEK anp J. VAN DER VIES 
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(Received 6 December 1954) 


Since the work of Hahn (1943), it has been re- 
peatedly shown that alimentary lipaemia dis- 
appears after the intravenous injection of heparin. 
It is also a well-established fact that this is not 
a direct effect of heparin, but that the administra- 
tion of heparin gives rise to the appearance in the 
blood of another substance, which has been called 
‘clearing factor’ (Anderson & Fawcett, 1950). 
Since then the work of other groups has brought 
to light many chemical and biological features of 
this interesting substance. One of the unsettled 
problems is the relationship between clearing 
factor and lipase. Clearing factor clears lipaemia 
in vitro, which heparin is unable to do, and during 
the clearing process fatty acids are liberated. This 
suggested that clearing factor might be a kind of 
lipase or an activator of this enzyme. 

However, we and several other groups of in- 
vestigators have failed to show an increase of the 
lipase activity in the plasma of rats and dogs after 
heparin administration, although there are in- 
vestigators who hold the opinion that the lipase 
activity is enhanced. A cause of these divergent 
results might be that several types of fat-splitting 
enzymes (lipases) occur in the plasma of various 
species of animals, and that the activity of different 
enzymes may be measured depending on the sub- 
strate used and other conditions of the experiment. 


Mendel, Myers, Uyldert, Ruys & Bruyn (1953) 
introduced the term ‘ali-esterases’ for enzymes 
which hydrolyse only esters of lower fatty acids 
(like tributyrin) but not esters of palmitic, oleic 
and other higher fatty acids. These ali-esterases are 
inhibited by sodium p-aminophenylarsonate (at- 
oxyl), tri-o-cresyl phosphate (TOCP) and tauro- 
cholate. ‘True’ lipase degrades both esters of 
lower and higher fatty acids, is inhibited by 
quinine but not by atoxyl and TOCP, and is even 
activated by taurocholate. In this paper we employ 
the terms ‘ali-esterase’ and ‘lipase’ for these two 
separate enzymes and ‘tributyrinases’, when both 
are discussed. In human beings both types of 
tributyrinases occur in the plasma. Ali-esterases 
are produced in the liver, lipase in the pancreas 
(Srinivasan & Patwardhan, 1952). It will be shown 
that in other species of animals either one or other 
type occurs almost exclusively in the plasma. 

The aim of this investigation was to ascertain 
whether ali-esterases or lipase are essential for the 
formation and/or action of clearing factor. For this 
purpose we studied first the influence of well-known 
tributyrinase inhibitors on the clearing process in 
vitro. Later rats were freed from ali-esterase 
activity by pre-treatment with TOCP, whereas in 
dogs the lipase activity of the plasma was reduced 
by pancreatectomy. Heparin was then injected 
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into both types of animals under conditions 
which in normal individuals had proved to give 
rise to the appearance of clearing factor in their 
plasma. 


MATERIAL AND METHODS 


Clearing activity. As a substrate we used lipaemic plasma 
from normal mongrel dogs. The animals were given a fat 
meal, and 3 hr. later, when lipaemia had developed, they 
were bled from the carotid artery. The blood was collected 
in 3-8 % (w/v) sodium citrate; 4 vol. of blood were run into 
1 vol. of citrate solution. The blood was centrifuged and the 
plasma was stored in a frozen state in small bottles; under 
these conditions there was no deterioration for a period of 
at least 3 months. 

For the production of clearing factor 10 anticoagulant 
units of heparin were injected intravenously into rats. 
Exactly 10 min. later the animals were bled from the 
abdominal aorta and 4ml. blood added to 1 ml. 3:8% 
sodium citrate solution. In many instances pooled plasma 
from several rats was used. The dogs received an intra- 
venous injection of 125 units/kg. and a blood sample was 
taken from a leg vein 30 min. after the injection. 

Since the clearing-factor activity of blood decreases 
rapidly on standing at room temperature, it was centri- 
fuged immediately and the plasma used without delay. 
The activity was determined by adding 0-5 ml. of the 
clearing-factor-containing plasma to 1-5 ml. of lipaemic 
dog plasma (or in one case to dog lipoproteins suspended in 
rat plasma) and measuring the optical density at 650 mp. 
before and after 1 hr. incubation at 37°, using either an 
Evelyn colorimeter with tubes of 7 mm. diameter, or a 
Lumetron colorimeter (model 402E). In a series of forty- 
nine duplicate determinations with clearing activities 
(decreases of optical density) ranging from 0-000 to 0-300 
a standard deviation of +0-006 was found for the differ- 
ences between duplicates. 

Determination of fatty acids. This was performed in the 
plasma mixtures by a method described by van de Kamer 
(1948) for the estimations in faeces, as modified by van der 
Vies (Appendix) for use in blood plasma. The determina- 
tions were made on 2 ml. of citrate plasma. 

Lipase activity. This was determined by a modification 
of the method of Srinivasan & Patwardhan (1952). 

Plasma (0-5 ml.) was added to 10 ml. of substrate solu- 
tion (3 ml. tributyrin+100 ml. 0-25% (w/v) solution of 
sodium diethylbarbiturate). The mixture was shaken for 
3 hr. at 37° and finally poured into 60 ml. of 96% (w/v) 
ethanol. After standing overnight, the proteins were 
filtered off and two 25 ml. samples titrated with standard 
alkali solution (0-050N-NaOH), using thymol blue as 
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indicator. For each plasma, a blank was run to which the 
plasma was added at the end of the incubation period. The 
lipase activities in the tables are expressed in ml. 0-050N- 
NaOH used for titration. In a series of thirty-two deter- 
minations a standard deviation of + 0-047 was found for the 
difference between duplicates. 

For the experiments with rats, animals of about 200 g. 
were used irrespective of sex. In order to obtain ali- 
esterase-free animals, one subcutaneous injection of 0-1 ml. 
TOCP was given on the day before the experiment. Con- 
centrations of inhibitors added in vitro are indicated in the 
tables. 

The plasma was incubated with the inhibitor at 37° for 
30 min. before the determination of the clearing activity. 
This was necessary because the inhibition of tributyrinase 
by some inhibitors, e.g. atoxyl develops slowly. 

For the study of true lipase, male and female mongrel 
dogs of 5-16kg. were used. After pancreatectomy the 
animals were injected twice daily with sufficient insulin to 
maintain them in a moderately hyperglycaemic but other- 
wise good condition. 


RESULTS 


The differences between ali-esterase and lipase as 
mentioned in our introductory remarks are clearly 
demonstrated in Table 1, which shows that rat 
plasma contains practically nothing but ali- 
esterase (little activation by taurocholate after 
inhibition of ali-esterase activity by TOCP), 
whereas dog plasma contains practically nothing 
but lipase (significant activation by taurocholate 
and inhibition by TOCP). 

It is important to stress the point that this 
statement in its full significance holds only for the 
conditions of our own experiments. We found that 
slight alterations of the experimental conditions, 
for example a larger amount of plasma used for the 
tributyrinase determinations, would have led us to 
the conclusion that only relatively less lipase was 
present instead of practically nothing but ali- 
esterase. 

This same limitation holds for our conclusions on 
the quinine inhibition of the tributyrinases, which 
is mentioned below, and possibly for other points. 
Consequently, our experiments on the possible 
relationship between ali-esterase and clearing 
factor were performed in rats, whereas the relation 
between lipase and clearing factor was studied in 
dogs. 


Table 1. Lipase and ali-esterase activity of rat and dog plasma 


The enzyme activity is expressed in ml. 0-05N-NaOH required for neutralizing the acid liberated from 0-3 ml. tributyrin 


after incubation with 0-5 ml. plasma for 3 hr. at 37°. 





Rat plasma Dog plasma 
‘ c A 
Without Taurocholate Without Taurocholate 
Addition taurocholate (0-2%) taurocholate . (0-2%) 
None 0-60 0-23 0-08 0-38 
TOCP (sat.) 0-10 0-16 0-07 0-36 
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Table 2. Absence of increased tributyrinase activity in clearing-factor-containing rat and dog plasma 


Activity measured as in Table 1. 


Dog plasma 
—A— 


a 
Without taurocholate Tampocheinte (0- 2%) 


Rat plasma 





SS eT c . ‘ = 
Clearing Clearing Clearing 

Normal factor Normal factor Normal factor 
0-85 0-95 0-05 0-04 0-10 0-10 
0-97 1-03 0-07 0-08 0-26 0-25 
1-21 1-22 0-10 0-10 0-22 0-17 
0-14 0-16 0-35 0-33 
0-13 0-16 0-37 0-37 
Av. 1-01 1-07 0-09 0-11 0-26 0-24 


Table 3. Effects of lipase inhibitors on the clearing factor 


0-1 ml. solution, containing 4 mg. of inhibitor or 0-1 ml. water in the blanks was incubated for 30 min. at 37° with 
0-5 ml. of ‘clearing-active’ rat plasma. Then 1-5 ml, of lipaemic dog plasma was added and the clearing estimated, using the 
Lumetron colorimeter with 0-5 cm. cuvettes. For these experiments three pools of clearing-active plasma were used. The 
differences, compiled in the last column, are statistically significant (P< 0-001). Figures in the table are optical densities. 




























Blanks, previously Previously 
No. of incubated with incubated with Difference 
Inhibitor experiments water inhibitor (inhibition) 
Atoxyl 6 0-106 + 0-009* 0-037 + 0-003 0-069 + 0-010 
Sodium taurocholate 6 0-106 +0-009 0-002 +. 0-004 0-104+0-010 
Quinine hydrochloride 3 0-150 +0-003 0-077 + 0-002 0-073 + 0-004 
* Standard error of mean. 
0-400 Clearing 
0-200 
0-300 
2 ee Nee 
es . Pooh He AEE 
5 ae a r 
- | HE 
; Fe 
0 0 é fe 
a b c d aa 
S 5 KH le 025 05 i 1 40 80 
Fig. 1. Relationship between clearing (plain columns) and Atoxy! (mg.) 


release of fatty acids (black columns) in: a, normal 
plasma; b, normal plasma + atoxyl; c, plasma containing 
clearing factor; and d, plasma containing both clearing 
factor and atoxyl. 


Table 2 shows that in neither rat nor dog plasma 
is the tributyrin-splitting capacity enhanced by the 
presence of clearing factor, even after activation of 
the dog lipase by taurocholate. This means that if 
clearing factor should prove to be a kind of lipase 
it would be of a different type to ali-esterase and 
pancreatic lipase, as it does not hydrolyse tribu- 
tyrin. This experiment also excludes the possibility 
that clearing factor is an activator of a tributyrin- 
ase. It does not exclude the possibility that one of 


Fig. 2. The effect of various concentrations of atoxyl on 
the clearing in plasma. Solutions (0-1 ml.) containing 
varying amounts of atoxyl were incubated 30 min. with 
0-5 ml. of clearing-active plasma at 37°. Then water 
(0-5 ml.) and lipaemic plasma (1-5 ml.) were added, and 
the clearing estimated in duplicate at each concentration. 


the tributyrinases could be essential for either the 
formation or the action of clearing factor. 

Tables 3 and 6 and Figs. 1 and 2 show that 
clearing factor and the tributyrinases behave 
similarly in some respects but differ in others. 

The clearing in vitro is inhibited by the ali- 
esterase inhibitors atoxyl and sodium taurocholate 
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and by the lipase inhibitor quinine. Not only the It is clear from Table 5 that, although in the 
clearing, but also the liberation of fatty acids is three pooled plasma mixtures (each from three rats) 
inhibited by atoxyl to about the same extent. the ali-esterase activity after TOCP treatment was 
Table 4 records an experiment in which sufficient exceedingly low and true lipase was also absent, 
atoxyl was added to rat plasma to obtain a decrease the clearing was unaltered whereas the fatty acid 
of ali-esterase activity from 0-46 to 0-37, and a production was only slightly lower. Apparently the 
decrease of the clearing from 0-179 to 0-129. The production of clearing factor is entirely inde- 
addition of 0-5 ml. ali-esterase-containing rat pendent of the ali-esterase content of the plasma, 
plasma which augmented the enzyme activity to and the action is independent both of the ali- 
values of 0-75 and 0-56 respectively did not im- _ esterase and the true lipase activity. 
prove the clearing. This shows that atoxy] inhibits For the study of the relationship between pro- 
the action of clearing factor regardless of the ali- duction of clearing factor and true lipase, five dogs 
esterase activity. Apparently the action of clearing were pancreatectomized and maintained with 
factor is also independent of the true lipase activity insulin. Plasma lipase fell in all instances within a 
(which is present in the mixture because of the few days after operation, but surprisingly (with the 
addition of lipase-containing lipaemic dog plasma) exception of one dog) rose again to normal levels 
as atoxyl does not inhibit this type of lipase, within a period of about 2 weeks. In these dogs the 
although it inhibits clearing factor. production of clearing factor after the injection of 
After thus studying the relationship between the heparin also proved to be temporarily impaired. 
action of clearing factor and the tributyrinases, we (We do not know the cause of the restoration; it 





Table 4. Effect of plasma ali-esterase on an inhibited clearing system of rat plasma 


The components indicated in the second column were incubated at 37° for 30 min. Then the components mentioned in 
the third column were added. Each mixture was prepared in triplicate and clearings estimated by following the drop in 
extinction at 650 my. Afterwards the triplicate mixtures were pooled and tributyrinase activity was determined in 








duplicate. Tributyrinase 
Clearing obtained in activities 
iplicate experi 1. 0-05 
Mixture Components Components added “—~ aoe mall) 
no. incubated together after incubation — Ce a tim Ale 
1 0-1 ml. water + 0-5 ml. water + 0-180 0-175 0-182 0-179 0-46 0-46 
0-5 ml. clearing-active 1-5 ml. lipaemic dog 
rat plasma plasma 
2 0-1 ml. water + 0-5 ml. normal rat 0-160 0-158 0-154 0-157 0-77 0-73 
0-5 ml. clearing-active plasma + 
rat plasma 1-5 ml. lipaemic dog 
plasma 
3 0-1 ml. atoxyl (2 mg.) + 0-5 ml. water + 0-131 0-131 0-124 0-129 0-37 0-37 
0-5 ml. clearing-active 1-5 ml. lipaemic dog 
rat plasma plasma 
4 0-1 ml. atoxyl (2 mg.) + 0-5 ml. normal rat 0-124 0-131 0-123 0-126 0-56 0-56 
0-5 ml. clearing-active plasma + 
rat plasma 1-5 ml. lipaemie dog 
plasma 
passed to the possible connexion between the Table 5. Clearing activity in the absence 
product ion of clearing factor and the tributyrinases. of ali-esterase 
For this purpose rats were injected subcutaneously 
with 0-1 ml. TOCP and bled the next day. This Plasma from rats treated with tri-o-cresyl phosphate 


compared with plasma from untreated rats. Ali-esterase 
activity measured as in Table 1; clearing activity as 
decrease in optical density in lhr. at 37°; fatty acids 
expressed as ml, N-NaOH. Other details as in text. 


treatment reduced the ali-esterase activity of the 
plasma almost to zero level. Nevertheless, the 
animals still produced clearing factor after in- 
jection of heparin. The results of a final experiment 
are presented in Table 5. Here all ali-esterase Ali-esterase Clearing Increase in 


activity was excluded by TOCP treatment of the rats activity activiny ftty acts 
and the lipase activity by isolation of the lipo- © wearer ~ = = 
proteins of the dog plasma (by leaving the a er 0-85 0-152 2-97 
dog plasma in the cold room and suspen ing ¢ © roc 0-03 - 152 2-63 
slowly separating lipoproteins in plasma of TOCP- tecated 0-01 0-163 2-65 


treated rats). 0-01 0-164 2-56 
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might mean a compensatory increased production 
of intestinal and gastric lipase.) 

It was a distinct advantage of the temporary 
character of the fall of the lipase activity and 
clearing-factor production that it enabled us to 
demonstrate the satisfactory correlation which 
exists between the two. This is shown in Fig. 3, in 
which, because of the difference of the levels in the 
various animals, all data are expressed in standard 
measures (standard deviation units, i.e. for each 
series of observations the differences between the 
individual values and the average were divided by 
the standard deviation). 


(Hh oo 
a 

















Fig. 3. The correlation between clearing-factor production 
‘and plasma lipase activity in depancreatized dogs. 


The striking accumulation of points in the left 
lower and the right upper quadrant immediately 
shows the apparently good correlation. This was 
confirmed by the statistical calculation which 
showed that the correlation coefficient r=0-647 
(for 43 points) with a value for ¢ (for 41 degrees of 
freedom) of 5-47 and P<0-001. 

Apparently in these depancreatized dogs a 
definite relationship exists between the lipase 
activity of the plasma and the ability to produce 
clearing factor. 


DISCUSSION 


The in vitro studies presented in this paper show 
that the clearing process is inhibited by a number 
of substances which are well-known tributyrinase 
inhibitors. 

We showed that at least one of these (atoxyl) 
inhibits clearing factor directly, independently of 
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the activity of the two tributyrinases. This sensi- 
tivity to tributyrinase inhibitors and the release of 
fatty acids during clearing, which is also inhibited 
by atoxyl, indicates that clearing factor resembles 
the tributyrinases in some respects. However, 
clearing factor is not identical with one of the 
tributyrinases as is demonstrated by the fact that 
its behaviour towards the various inhibitors is 
different (Table 6). 


Table 6. Effect of various inhibitors on clearing 
factor, ali-esterase and lipase 


— =Inhibition; + =activation; 0 =no effect. 


Clearing 
Inhibitor factor Ali-esterase Lipase 
Atoxyl - - 0 
Taurocholate - ~ oH 
TOCP 0 a 0 
Quinine ~ 0 4 


Moreover, clearing factor does not split tri- 
butyrin, nor does it enhance the tributyrin- 
splitting capacity of rat and dog plasma (Table 2). 
Finally, clearing factor can clear lipaemic plasma in 
the almost complete absence of both ali-esterase 
and lipase (Table 5). These findings show that the 
action of clearing factor seems to be in every 
respect independent of ali-esterase and lipase. 

Since clearing factor itself has some properties 
in common with both tributyrinases it might be 
considered to be a similar though not identical 
enzyme, for example a lipoproteinase as suggested 
by Korn (1954). 

With regard to the production of clearing factor 
the situation is different. Although it could be 
shown in rats that the administration of heparin 
gives rise to a normal production of clearing factor 
in the absence of ali-esterase (Table 5), the pro- 
duction of clearing factor in dogs seems to be 
correlated with the lipase activity of the plasma 
(Fig. 3). It may seem somewhat peculiar that the 
rat produces clearing factor without lipase in its 
plasma, but it should be considered that clearing 
factor need not necessarily be produced in the 
circulating blood and that the pancreas of the rat 
contains lipase. The correlation between lipase 
activity and clearing-factor production may prove 
to be of considerable interest as it seems to be 
consistent with some findings of other investi- 
gators. 

Necheles, Plotke & Meyer (1942) showed that the 
pancreas secretes less lipase in old people than in 
young ones, and Meyer, Sorter & Necheles (1942) 
showed that the lipase activity of the plasma in 
old age is significantly lowered. Becker, Meyer & 
Necheles (1949) also counted the chylomicra in the 
serum of young and old people after a fat meal and 
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found that in old subjects the chylomicron curves 
are much higher and fall more slowly than in young 
people. 

It is of great interest that in the same paper they 
mention how after the oral administration of lipase 
this ‘old-type curve’ was transformed into a 
‘young-type curve’. With regard to clearing factor 
Utz, Mann & Barker (1953) reported that the 
production of clearing factor after a standard dose 
of heparin in atherosclerotic patients is subnormal. 
It should be noted that these studies are not 
strictly comparable because of the use of different 
methods and different subjects (pancreatectomized 
dogs, normal old people and atherosclerotics). 
However, keeping this in mind we would like to 
suggest the following tentative hypothesis: 

During ageing the production of lipase by the 
pancreas decreases causing a lowering of the plasma 
level of lipase. Consequently, the ability to produce 
clearing factor diminishes and the normal chain of 
reactions of the lipoproteins (Gofman, Lindgren, 
Jones, Lyon & Strisower, 1951) is disturbed and 
fat is removed from the blood at a much slower 
rate, which eventually may promote the develop- 
ment of atherosclerosis. In this respect it is of 
interest that Stamler & Katz (1951) could show 
that, in chickens on a cholesterol-oil diet, pan- 
createctomy led to a much higher cholesterol level 
of the blood plasma and to much more severe 
atherosclerotic lesions. 

The previously mentioned result of Becker e¢ al. 
(1949) suggests the possibility of restoring the 
normal sequence of events not only by heparin 
(Graham et al. 1951; Jones e¢ al. 1951), but also by 
oral administration of lipase. To aim at the pre- 
vention of atherosclerotic changes seems to be 
more hopeful than trying to cure already advanced 
lesions of the wall of the blood vessels and for the 
administration of a prophylactic drug the oral route 
would probably be the only practicable way. From 
this angle lipase looks more attractive than 
heparin. A clinical study will have to prove the 
correctness of these ideas. 


SUMMARY 


1. In vitro studies on the action of clearing 
factor prove that neither ali-esterase nor lipase are 


G. A. OVERBEEK AND J. VAN DER VIES 


1955 


necessary for its action. Clearing factor acts 
even in the almost complete absence of both 
enzymes. 

2. The behaviour of clearing factor towards 
various inhibitors of ali-esterase and lipase, to- 
gether with the liberation of fatty acids during 
clearing, indicates that clearing factor might be a 
new type of enzyme (a lipoproteinase) which 
possesses some characteristics of both ali-esterase 
and lipase without being identical with either of 
them. 

3. In vivo studies on the production of clearing 
factor showed that it can be produced in the 
absence of ali-esterases, but that in pancreatecto- 
mized dogs a good correlation existed between the 
lipase activity of the plasma and the production of 
clearing factor after injection of heparin. 

4. The possible implications of these findings are 
discussed in relation to the problem of athero- 
sclerosis. 
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APPENDIX 


Determination of Free Non-volatile Fatty Acids 


By J. VAN DER VIES 
Department of Pharmacological Research, N.V. Organon, Oss, The Netherlands 


(Received 6 December 1954) 


For investigations concerning the mode of action of 
the clearing factor, estimations of free fatty acids in 
mixtures of normal rat plasma and lipaemic dog 
plasma were performed using a modification of 
van de Kamer’s (1948) method as described for 
faeces. Because the method developed may be of 
value for similar or other uses, it is given here. In 
a 100 ml. flask 2 ml. of the plasma-mixture, con- 
taining either heparin or citrate as an antico- 
agulant, are run into 6ml. of phosphoric acid 
solution (metaphosphoric acid, 50 g., NaCl, 250 g. 
water to 11.). After a few minutes 16ml. of 
ethanol, containing 0-4% amy] alcohol, are added, 
followed by 20ml. of distilled light petroleum 
(b.p. 40-60°). The flask is stoppered and the 
mixture shaken by hand for 1 min. After separa- 
tion, the upper layer is filtered through dry paper 
and the funnel covered in order to minimize 
evaporation. Care should be taken to avoid 
contamination with traces of the other phase. 
Ten ml. of the light petroleum extract is evapor- 
ated on a boiling-water bath and the residue dried 
in vacuo. Neutralized ethanol (5 ml.) containing 
0-6 mg. of thymol blue per 100 ml. are added and 
the residue dissolved by boiling gently under 
reflux for 3min. Finally, the fatty acids are 
titrated under a stream of N, with 0-01N-NaOH. 
The results are corrected for a blank (usually about 


0-060 ml. of 0-01N-NaOH), obtained by running 
2 ml. of water through the same procedure. 

The reproducibility of the method suffices for 
many purposes. In twenty-four estimations giving 
results ranging from 0-21 to 21-0 y-equiv. of fatty 
acids per 2 ml. of plasma tested, the differences 
between duplicate determinations were found to 
have a standard deviation of + 0-14 »-equiv. 

Added amounts of stearic acid were recovered 
satisfactorily (Table 1). 


Table 1. Recovery of stearic acid added to plasma 


Stearic acid Excess stearic 

added acid found Recovery 
(mg.) (mg.) %) 

12-00 12-84 107 
6-00 6-16 103 
4-00 4:17 104 
3-00 3-21 107 
2-00 1-94 97 
1-00 0-96 96 


The presence of sodium citrate in plasma in 
amounts up to 7-6 mg./ml. did not interfere with 
the determination. 


REFERENCE 
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The principles underlying the use of water-miscible 
solvents for the separation of proteins from 
aqueous solutions under controlled conditions of 
pH, ionic strength and temperature have been 
described by Cohn and his colleagues (Cohn e¢ al. 
1946). These principles were exploited to develop 
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systems for the serial fractionation of human 
plasma proteins with ethanol (Cohn et al. 1946; 
Cohn et al. 1950). 

The possibility that ether might similarly be 
employed arose from experimental observations 
made when extending the method described by 
McFarlane (1942) for the removal of lipid from 
human serum, to the treatment of human plasma. 
Not only was lipid extracted from combination 
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with plasma proteins, but the fibrinogen was pre- 
cipitated though in an intractable form. Arising 
from this, methods have been described for the 
successive separation of fibrinogen, prothrombin, 
y-globulin and albumin fractions from human 
plasma under rigidly aseptic conditions for clinical 
purposes, using defined quantities of ether with 
suitable adjustment of pH, ionic strength and 
temperature (Kekwick, Mackay & Record, 1946; 
Kekwick & Mackay, 1949; Kekwick & Mackay, 
1954). 

This paper describes the development of a 
method using ether in the further purification of 
human fibrinogen. The purity of intermediate 
fractions and of the final product was assessed by 
electrophoresis and ultracentrifuge measurements, 
by the determination of the proportion of the total 
protein nitrogen which was recoverable in the clot 
formed with thrombin, and by tests designed to 
establish the degree of contamination with, or 
freedom from, plasminogen and plasmin. 


EXPERIMENTAL 
Materials 


All the chemicals used were of analytical reagent quality. 
Aqueous solutions and buffers were made up in sterile 
pyrogen-free water and, where necessary, were sterilized 
by passage through a Seitz filter, or by autoclaving at 
20 lb. pressure for 30 min. 

Diethyl ether. The ether used in the precipitations was of 
anaesthetic grade but free from antiperoxidants. It was 
stored at 2°, and freedom from peroxides was established 
by the standard British Pharmacopoeia test using KI 
solution. 

Citrate-saline. Composition: Trisodium citrate dihydrate: 
3-7 g./l.; NaCl: 8-5 g./I. 

It was convenient to make up a stock solution containing 
10 times these quantities, and to dilute this accurately to 
the above concentration. The solution was immediately 
sterilized in M.R.C. transfusion bottles by autoclaving for 
30 min. at 20 lb. pressure. 

Ether-citrate-saline. To 11. citrate-saline cooled to 2° 
80 ml. ether were added and dissolved by shaking; the 
solution was stored at 2°. 

Citrate buffers. pH 6-1: 0-169™ trisodium citrate, 0-014m 
citric acid. pH 6-5: 0-164 trisodium citrate, 0-006 citric 
acid. These buffers were considered to have an ionic strength 
I=1-0; lower ionic strength buffers were prepared by 
suitable dilution from them and were sterilized by Seitz 
filtration. 

Veronal buffer (pH 7-3). Sodium diethyl barbiturate: 
5-87 g./l.; NaCl 7-21 g./l.; 0-2m-HCl: 107-5 ml./l. 

Streptokinase. Initially a simple filtrate from a culture of 
a beta haemolytic streptococcus (N.C.T.C., H53A) was 
used as a source of streptokinase, but later tests were made 
with a purified preparation (Streptodornase, Lederle). 
Both of these preparations were stored freeze-dried, and 
small quantities dissolved in appropriate buffers and con- 
centrations as required. 

Thrombin. Human thrombin was prepared by the 


method described by Lyttleton (1954), and had an activity 
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of about 100 units/mg. protein N (Kekwick & Mackay, 
1954). The plasminogen and plasmin content of these pre- 
parations was so low as to have a negligible influence on the 
experimental results obtained. 


Analytical methods and assays 


pH Determination. Values of pH were determined with a 
MacInnes type glass electrode, the outer chamber of which 
was filled with 0-05m potassium hydrogen phthalate. The 
reference electrodes were 3-5M calomel cells, and for calibra- 
tion a solution containing 0-09m-KCl plus 0-01M-HCl was 
assumed to have a standard pH =2-10. Measurements were 
made at room temperature with a valve potentiometer, the 
accuracy being +0-01 pH unit. In systems containing 
solvent the pH values given are apparent, and no attempt 
has been made to correct for the effect of solvent. 

Electrophoretic measurements. Samples were dialysed to 
equilibrium at 2° against phosphate buffer, pH 8-0, 
I=0-2; (Na,HPO,, 0-0652m; KH,PO,, 0-0044m) and 
diluted with buffer to give a refractive increment n, — = 
0-00350, where ny is the refractive index of the buffer and 
n, that of the protein solution. Refractive index determi- 
nations were made with a dipping refractometer using the 
Hg are green line 546 my. 

Electrophoretic measurements were made in the Tiselius 
(1937) apparatus at 0°, using a potential gradient of 
6v/em. Optical observations by the diagonal schlieren 
method (Philpot, 1938) were photographically recorded on 
Ilford half-tone panchromatic plates, using a high pressure 
Hg are as a light source from which monochromatic light 
546 my. was isolated by using a suitable filter. 

By optical projection of the recorded photographs with 
an enlargement of eight diameters on to mm. graph paper, 
tracings were made. The curves were analysed by reflexion 
across median lines to determine the quantities of the 
components present. The results are expressed as the per- 
centage of total protein in a mixture attributable to any 
single component. The values for both ascending and 
descending limb boundaries are given because there is 
evidence of interaction between fibrinogen and another 
protein constituent in some of the fractions, 

Ultracentrifuge measurements. Dialysed samples were 
diluted to n,— 7”) =0-00200 so that the solution contained 
phosphate buffer pH 8, J=0-2, +0-15m-NaCl. The solu- 
tions were subjected to 250000g in the Svedberg oil 
turbine ultracentrifuge (Svedberg & Pedersen, 1940), using 
a 12mm. cell, the optical recording being as described 
under electrophoresis. 

Nitrogen estimations. These were made in triplicate by 
a micro-Kjeldahl procedure requiring about 3 mg. N for 
each estimation. The protein was digested in 5 ml. sul- 
phuric acid (microanalytical reagent) and selenium oxy- 
chloride was used as a catalyst. The NH, was steam distilled 
into 0-02M-HCl and 0-02mM-NaOH used for back titrating, 
with methyl red as an indicator. The titrations were 
carried out in a stream of CO,-free air. 

The estimation of fibrinogen by conversion into fibrin. If 
fibrinogen is clotted with thrombin under suitable condi- 
tions, the fibrin clot formed can readily be reduced to a 
compact film, the volume of which is less than 1% of that 
of the original clot. By this means most of the extraneous 
protein which may be present with the fibrinogen is removed, 
and the compact film can easily be washed before the estima- 
tion of the fibrin nitrogen by the micro-Kjeldahl method. 
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The fibrinogen solution containing approximately 
0-1 g./100 ml. was adjusted colorimetrically to pH 7-2, and 
25 ml. were pipetted into a Pyrex test tube 8 x 1 in. To this 
2-5 units of thrombin were added, the mixture was stirred 
thoroughly with a fine glass rod (3mm. diameter) and 
allowed to stand at room temperature with the stirring rod 
in the tube. Clotting should commence within 10 min. of 
the addition of thrombin. After 1 hr. the clot was loosened 
from the wall of the test tube, and by gentle pressing and 
rotating by means of the rod against the walls of the test 
tube, it was compressed to a thin sheath adhering to the 
stirring rod. A further 2-5 units of thrombin were then 
added as before, and after another hour at room temperature 
any additional clot which formed was wound on to the rod. 
The compacted clot was washed on the rod by immersion in 
citrate saline and then twice similarly in distilled water. 
The washed clot was then digested off the rod by the 
standard Kjeldahl procedure, and the nitrogen content 
determined as described. 

The supernatant solution from the clot was usually 
stored overnight at 2° to ensure that clotting had been 
complete. If further clotting occurred the fibrin was either 
added to the original digest or the estimation repeated. 

In estimating fibrinogen in plasma or in any fraction 
having marked antithrombin activity, rather more 
thrombin was required to induce clotting in 10 min. 

The ratio of clottable to total nitrogen of fibrinogen prepara- 
tions. This value was determined by estimating the fibrino- 
gen nitrogen as described above, and also the total nitrogen 
of an equal volume of the same fibrinogen solution by the 
standard micro-Kjeldahl method. The ratio is usually 
expressed as the percentage of the total nitrogen which 
appears in the clot (% nitrogen clottable). It should be 
noted that there is evidence that a peptide is split from 
fibrinogen during the clotting process (Bailey, Bettelheim, 
Lorand & Middlebrook, 1951; Lorand, 1952). For bovine 
fibrinogen the peptide nitrogen split off is close to 3-0- 
3-5% of the fibrinogen nitrogen. This implies that the 
clottability of 100% fibrinogen would be assessed as 96-5- 
97 % of the total nitrogen by the above method. 

Detection of plasmin and plasminogen. In this paper 
plasmin refers to the active proteolytic enzyme of human 
plasma which exhibits optimum activity in the region of 
pH 7-2-7-6; the precursor of plasmin, plasminogen may be 
activated to give a maximum yield of plasmin by inter- 
action with streptokinase (see Christensen & MacCleod, 
1945). In order to determine the degree of contamination 
with plasminogen or plasmin of fibrinogen-containing 
fractions, a method depending on fibrinogenolysis was 
used. The end point of the reaction was judged by the loss 
of the ability of a solution of the fraction under test to form 
a clot when thrombin was added to a sample. Under 
standardized conditions the time required for the fibrinogen 
to lose the ability to clot, referred to as the ‘life’, is in- 
versely related to the amount of lytic enzyme present. 

Plasmin test. Sterile samples of fibrinogen, freeze-dried 
from solution in citrate—saline, were reconstituted to their 
original volume with sterile distilled water, and diluted 
with sterile veronal buffer pH 7-3 to give a solution con- 
taining 0-2 g. fibrinogen/100 ml. This solution was incu- 
bated at 37°. Samples (0-2 ml.) were removed aseptically at 
suitable intervals and to them was added an equal volume 
of a thrombin solution containing 2 thrombin units/ml. The 
‘plasmin life’ is the time elapsing from the beginning of 
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the incubation period until the last occasion on which any 
clot formation occurs. 

Plasminogen test. Sterile freeze-dried samples of fibri- 
nogen were reconstituted as described above and diluted 
with veronal buffer pH 7-3 to give a solution containing 
0-25 g. fibrinogen/100 ml. A 4-0 ml. sample was pipetted 
into a test tube and placed in a thermostat bath at 37-0+ 
0-1°, and after allowing a short time for temperature 
equilibration, 1-0 ml. of a solution of streptokinase in 
veronal buffer pH 7-3, previously brought to temperature 
in the bath, was added. At suitable intervals, 0-2 ml. 
samples of the mixture were measured into 2 x } in. test 
tubes also in the bath, and 0-2 ml. thrombin solution 
(10 units/ml.) was added to these. 

During the incubation period, measured from the time of 
addition of the streptokinase, and the clotting time of 
samples progressively lengthened as the fibrinogen was 
digested, and the amount of fibrin in the clot decreased. 
The end point was deemed to have been reached when no 
indication of clot formation could be detected 3 min. after 
the addition of thrombin to the test sample. 

The ‘ plasminogen life’ is the period from the beginning of 
incubation until the first occasion on which no clot forma- 
tion is detected in the test sample. 

Streptokinase standardization. To obtain comparable 
results with different batches of streptokinase, these were 
standardized against a single preparation of freeze-dried 
fibrinogen fraction F.1W. (see below). Plasminogen life 
tests were carried out as described above, and the amount of 
streptokinase added was varied by varying the concentra- 
tion in the 1-0 ml. of solution added. The lowest concentra- 
tion of streptokinase giving the shortest plasminogen life 
was then used for tests with other fractions. 


Preparative procedures 


Technique of precipitation. All solutions were kept in a 
low temperature laboratory at 2°, where most of the 
routine operations were carried out using low temperature 
thermostat tanks and refrigerated bucket centrifuges 
controlled to any required temperature +0-2°. 

Precipitations were carried out in closed glass vessels, 
the metal caps of which (Fig. 1) provided for the passage 
of a stirrer (D), capillary jet (B), adjustable siphon (C), 
thermometer pocket (A) and a bacteriologically protected 
air inlet (Z). Various sizes of this type of apparatus were 
available and all could be sterilized in an autoclave. 
Solutions were transferred from one vessel to another by 
the use of sterile compressed air. 

The solution to be treated was passed through the siphon 
tube into the precipitation vessel which was placed in the 
low-temperature thermostat tank adjusted to the required 
temperature. Sterile buffer solutions and ether were added, 
at speeds controlled by small needle valves, through the 
capillary jet, whilst efficient stirring was maintained but 
with avoidance of frothing. The temperature of mixtures 
was measured with a thermometer placed in the thermo- 
meter pocket, which was partially filled with ethanol to 
facilitate heat transfer. Heat evolved during the addition 
of ether was controlled by adjusting the rate of flow of 
ether so that specified temperatures were not exceeded. 

When the desired conditions had been attained, mixtures 
were allowed to equilibrate without stirring, usually over- 
night (16 hr.), by which time the precipitate had usually 
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settled to a sludge, occupying 10-20% of the total fluid 
volume. The clear supernatant was siphoned off, the pre- 
cipitate spun down at controlled temperature in screw- 
capped bottles in the refrigerated bucket centrifuge and the 
residual supernatant added to the main bulk. In experi- 
ments of a quantitative nature the whole mixture was 
centrifuged. 








Inches 


Fig. 1. Diagrammatic scale drawing showing detail of 
Pyrex glass precipitation vessel and fittings. Metal parts 
clear. Rubber parts filled in black. Glass parts cross 
hatched as far as possible. Scale indicates inches. A, 
thermometer pocket; B, capillary jet; C, siphon tube; 
D, stainless steel stirrer assembly; Z, air inlet. A, B and 
C are secured to the tubes in the metal top plate by 
rubber sleeves, which are not shown. To £ is attached a 
sterile cotton-wool air filter when the vessel is in use. 


Technique of extracting a precipitate. In order to com- 
pare the relative efficacy of various buffers in the extraction 
of precipitated protein, it is necessary to control within 
relatively narrow limits the mass of protein and volume of 
buffer used to extract it. The extraction procedure was 
utilized here only for fractionating the product designated 
F.1W.; though the following description refers specifically 
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to this fraction the method is applicable to other materials, 
The operations were carried out aseptically. 

To obtain approximately equal amounts of the pre- 
cipitate F.1W., the preceding precipitate F.1 was evenly 
suspended by mechanical stirring in 30% of the plasma 
volume of 8 vol. % (i.e. 8 vol./100 vol.) ether—citrate-saline 
at 2°, and equal volumes of this suspension were trans- 
ferred into transfusion bottles. The suspension was centri- 
fuged 30 min. at 2° and 1500 rev./min. and the super- 
natants poured off, leaving approximately equal samples of 
the washed precipitate F.1W. 

At 2°, a volume of buffer, calculated in relation to the 
volume of plasma from which the precipitate samples were 
derived, was added to the packed F.1W. precipitate, 
which was then thoroughly dispersed by brisk mechanical 
stirring to give a uniform suspension. The rate of stirring 
was then reduced to a gentle speed and continued at a 
controlled temperature (0-2°) until the protein content of 
the extract became constant, this being established by the 
constancy of the refractive index of samples of extract 
removed from time to time, suspended precipitate being 
centrifuged down in these samples before the measure- 
ments were made. Usually extraction for 3 hr. was suffi- 
cient, and following this the undissolved residue was 
centrifuged down at 2°, the supernatant removed and the 
residue dissolved at room temperature in citrate—saline to 
provide a suitable solution for analytical measurements. 


RESULTS 
Preparation o, plasma 


Blood was drawn into 120ml. trisodium citrate 
solution (3 g./100 ml.) in a standard blood trans- 
fusion bottle to make a final volume of 540 ml. 
The blood, cooled to 2°, was centrifuged in the 
original bottles for 30 min. at 1450 rev./min. and 
2°, within 24 hr. of being taken. The supernatant 
plasma was siphoned off and passed through a 
paper-pulp filter at 2° under a pressure of 30 cm. 
Hg, to remove the residual cellular material and 
particulate lipid. 

The clear yellow plasma obtained had an 
average protein content of 4-5—4-6 g./100 ml. and 
a pH value of 7-7. 


Conditions for the precipitation of fibrinogen 
from plasma with ether 


The optimum conditions for the precipitation of fibrino- 
gen from plasma were determined by dissolving ether in 
a standard volume of filtered plasma, the temperature 
throughout the addition being maintained at 0-0+0-5°. 
The amounts of ether added covered the range 3-14 ml./ 
100 ml. plasma (3-14 vol. %). The mixtures were allowed to 
equilibrate in closed vessels at 0-0-+0-2° for 16 hr., after 
which the precipitates which formed were spun down for 
30 min. at 1450 rev./min. and 0-0+0-2°. The clear super- 
natants were poured off quantitatively and made up to 
a standard volume with citrate-saline. The precipitates 
were dissolved in citrate-saline and also made up to a 
standard volume. These solutions and the original plasma 
were assayed for fibrinogen by determining the protein 
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nitrogen recovered in the clot formed with thrombin. The 
results of these assays, in which the amount of fibrinogen is 
expressed as a percentage of the total initial fibrinogen, are 
given in Table 1. 

The results show that the proportion of fibrino- 
gen precipitated steadily increases until the 
amount of ether added reaches 10 vol. %, at which 
point 88-89% of the plasma fibrinogen is pre- 
cipitated. Further increase in the amount of ether 
added up to 14vol. % results in no significant 
increase in the amount of fibrinogen precipitated. 
The results of Table 1 also show that within the 
limits of error the fibrinogen of the plasma can be 
quantitatively accounted for in the precipitate and 
supernatant fluid. 


Table 1. The precipitation of fibrinogen from 
plasma with ether 
pH 7-7, temp. =0-0°. 


% total fibrinogen 
Ether 





Caters ca tte ee ae 
(vol. %) Precipitate Supernatant 
0 — 100 

3 25-1 — 
t 48-8 47-9 
6 73-3 — 
8 84-7 15-7 
10 88-4 — 
11 88-2 11-2 
12 88-3 _- 
14 90-2 — 


On the basis of these results the precipitation of 
fibrinogen from plasma by the addition of 11 vol. 
% ether at 0-0° has been chosen as a standard pro- 
cedure, providing a yield of about 90 % of the total 
plasma fibrinogen. This material is designated F. 1. 


Purification experiments using 
citrate—saline solutions 


Comparison of reprecipitating and washing the 
crude fibrinogen (F.1). The crude fibrinogen F.1 is 
contaminated with plasma proteins occluded in the 
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precipitate, fibrinogen accounting for 50% of the 
total protein present on the basis of electrophoretic 
analysis and determinations of the total and 
clottable protein nitrogen (Table 2). Though 
albumin is the main contaminant the fraction 
contains in particular much of the plasma anti- 
haemophilic globulin and substantial quantities of 
plasminogen. 

To explore possibilities of further purification, 
a quantity of the precipitate F.1 was dissolved in 
citrate—saline to give a total volume equivalent to 
30% of that of the plasma from which it was 
obtained. In order to effect complete solution it 
was necessary to warm the mixture to 20°. The 
reprecipitation of the fibrinogen was examined 
relative to the amount of ether added in a similar 
manner to that described for plasma, and the pre- 
cipitation curve obtained indicated that at 0-0° and 
8 vol. % ether the recovery of fibrinogen was 
almost quantitative, less than 5 mg. fibrinogen/ 
100 ml. solution remaining dissolved. 

The reprecipitation of fibrinogen from citrate— 
saline solution at 0-0° with 8 vol. % ether to give 
F.2, resulted in a marked increase in purity 
(Table 2, Fig. 2), but in the course of the procedure 
some of the plasminogen was activated to plasmin, 
or plasmin inhibitor removed, so that the plasmin 
‘life’ of the fibrinogen was reduced. The solubility 
results indicated that a substantial purification of 
the fibrinogen might alternatively be attained by 
suspending the precipitate F.1 at 0-0° in 30% of 
the plasma volume of citrate-saline to which had 
been added 8 ml. ether/100 ml., and spinning down 
the precipitate at 0-0° for 30 min. at 1450 rev./min. 
The analytical figures for the washed fibrinogen 
(F.1W.) are included in Table 2. These indicate 
that the washing procedure is quite as effective for 
purification at this stage as solution and repre- 
cipitation, and furthermore, less activation of 
plasminogen to plasmin occurs, the product 
F.1W. having a longer plasmin ‘life’ than F.2. The 
washing procedure was accordingly adopted as the 
second step in the purification. 


Table 2. Fibrinogen fractions purified from citrate—saline solution 


Electrophoretic analysis 
aA. 





Globulins Clottable Plasmin 
N/total N life 
Fraction Albumin a+B y Fibrinogen %) (hr.) 
F.1 A 23-2 15-4 10-1 51:3) 4 
D 26-3 9-3 4-6 59-8} 49-8 1000 
F.2 A 3-2 8-7 6-1 82-0 a 
D 5-4 4-1 Bed 85-2 49 200 
F.1W. A 2-3 11-2 4-2 82-2 a2 
D 5-0 3-6 75 83-8 _ ™ 
F.W3 A 0-0 6-7 2-8 90-6 Zz 
D 0-0 1-4 0-0 98-6 90-4 120 


A, ascending limb analysis (anode); D, descending limb analysis (cathode). 


43-2 
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There is obviously a limit to the effectiveness 
of repeatedly washing a protein precipitate with 
samples of the same fluid in order to improve the 
purity of one of its constituents. Accordingly, in an 
attempt to purify the washed precipitate (F.1W.) 
further, it was dissolved in 30% of the plasma 
volume of citrate-saline and reprecipitated twice 
at 0-0° with 8 vol. % ether. The analytical data for 
the product obtained (F.W 3) are also included in 
Table 2. 

A comparison with F.1W. shows that all the 
albumin and some of the globulins were removed. 
The fibrinogen content, from the nitrogen deter- 
minations, was raised only to 90-4%, though the 
electrophoretic analysis gave a slightly higher 
value. Simultaneously, there was a further 
activation of plasminogen to plasmin, indicated by 
the marked decrease in the plasmin ‘life’ of the 
fibrinogen. 

Fractional precipitation from solutions of F.1W. 
with ether at 0-0°. The fact that the clottable protein 
reached a value of only 90 % in the product F. W 3, 
indicated that at some level of ether concentration 
non-clottable protein must have been precipitated 
with the fibrinogen. In order to examine this 
further, a solution of F.1W. was fractionally pre- 
cipitated at 0-0° by adding ether to give a concen- 
tration of 2 vol. % and collecting the precipitate, 
then raising the ether concentration of the super- 
natant to 4vol. % and finally 8 vol. %, thus 
collecting two more fractions. 


Table 3. Fractional precipitation of fibrinogen from 
a citrate-saline solution of F.1W. at 0-0° 


Fraction, Clottable Plasmin Plasminogen 
ether N/total N life life 
(vol. % % (hr.) (min.) 
0-2 81-3 160 75 
2-4 93-2 165 75 
4-8 89-6 320 65 
Control F.1W. _. 500 25 


It is clear from Table 3 that at both low and high 
ether concentrations non-clottable protein was pre- 
cipitated, the intermediate 2-4vol. % ether 
fraction consisting of fibrinogen of the highest 
purity attained. However, the plasmin and 
plasminogen ‘life’ of this fraction indicated that it 
was still seriously contaminated with plasmin and 
plasminogen. Many other similar variations 
designed to improve the purity by fractional pre- 
cipitation from citrate—-saline with ether were no 
more satisfactory. 


Extraction of F.1W. with buffers at 0-2° 


On the basis of the results already presented it 
can be concluded that it is desirable to maintain 
fibrinogen fractions containing ether, plasminogen 
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and plasmin at temperatures close to 0° during 
precipitation procedures, and also that citrate- 
saline (pH 7-7, [=0-225) is not a solvent likely to 
facilitate the separation of fibrinogen from plasmin- 
ogen and plasmin. The problem, therefore, was to 
find a buffer capable of dissolving fibrinogen and 
not plasmin or plasminogen, at temperatures close 
to 0°. 

Ratnoff (1948) observed that when samples of 
human plasma were diluted with 19 vol. of distilled 
water with simultaneous adjustment of the pH over 
the range 4-80—6-30, the precipitate which formed 
at pH 5-3—5-4 contained the maximum amount of 
plasminogen. However, when the plasminogen was 
estimated by conversion into plasmin with strepto- 
kinase, the curve showing the amount of plasmin- 
ogen precipitated as a function of pH was re- 
latively flat from pH 5-4 to 6-3. This indicated that 
at relatively low ionic strengths the solubility of 
plasminogen is low even at pH 6-3. The isoelectric 
point of fibrinogen is close to pH. 5-4, and though its 
solubility is minimal in this region it increases 
markedly as the pH is raised. Consequently, by 
choosing buffers of suitable ionic strength in the 
pH range 6-0-6-5 it appeared possible that fibrin- 
ogen might be extracted from the F.1W. pre- 
cipitate, leaving much of the plasminogen and 
plasmin undissolved. 

Some preliminary experiments using phosphate 
buffers showed that at pH 6-0 and at ionic strengths 
up to 0-4, extracts of F.1W. contained relatively 
less plasminogen and plasmin than the material 
which remained undissolved at 2°. However, the 
extracted fibrinogen tended to become insoluble in 
these buffers on standing. In addition, it was 
difficult to estimate the amount of fibrinogen in the 
extracts, because clots formed in the presence of 
phosphate ion were rather friable and would not 
readily synerese. Citrate buffers proved to be 
much more satisfactory. 

Effect of variation in ionic strength in citrate 
buffer, pH 6-1. From the stock citrate buffer 
(pH 6-1, J=1-0) a series of dilutions was made to 
give ionic strengths 0-05, 0-15, 0-30, 0-45. Equal 
quantities of F.1W. precipitate were extracted, as 
described under ‘Procedures’, with these buffers at 
2°, the volume of the buffer being adjusted so that 
the total amount of buffer salt was the same in 
each extraction. For the buffer of [=0-30 the 
volume taken was equivalent to 40 % of the plasma 
volume, for J=0-15, 80% of the plasma volume, 
and so forth. 

It will be seen from Table 4 that as the original 
buffer mixture was diluted the measured pH in- 
creased significantly, but this could not be avoided. 
The extract at J=0-05 had a much longer plasmin- 
ogen life than those at higher ionic strengths, 
but despite the large volume of buffer used only 








1 Ws 


~~ 


Vane YY 


BS SS a >) 


Orem OD 2 FP ODO es OB OY 


wr Vr ercer @B m= VY |S & 


= 


i 


Vol. 60 


26% of the original fibrinogen was dissolved. The 
most advantageous buffer appeared to be that of 
I=0-3, since the plasmin was least soluble at this 
ionic strength and 50% of the fibrinogen was 
recovered in the extract. 

There was no increase in the amount of fibrinogen 
extracted when the buffer volume at [=0-3 was 
increased from 40 to 60% of the plasma volume. 
In later experiments the extract with this buffer 
contained between 60 and 65% of the F.1W. 
fibrinogen. 

Effect of variation of pH of citrate buffer at I=0-3. 
Using citrate buffer pH 6-5, J=0-3, improved the 
yield of fibrinogen in the extract (Table 5). The 
results in this table also show that the extracts in 
each instance contain rather less plasminogen and 
plasmin than the residues. 
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possibilities of the extraction at low ionic strength 
(Table 4, I[=0-05) which had been passed by 
temporarily on account of the poor recovery of 
fibrinogen. The problem was attacked in another 
manner by diluting the citrate buffer extracts 
I=0-3 with 5vol. distilled water, to provide 
solutions of ionic strength 0-05 for fractional pre- 
cipitation with ether at 0°. 

In Table 6 the results are given for two fraction- 
ations of the pH 6-1 extract and one for the pH 6-5 
extract, all the material coming from a single pre- 
paration of F.1W. As might be anticipated, a 
precipitate formed on diluting the extracts from 
I=0-3 to I=0-05. The precipitate from the pH 6-1 
extract contained 11-6 % of the initial fibrinogen, 
leaving 50% in solution, which was about twice 
the quantity obtained by extracting the F.1W. 


Table 4. Characteristics of extracts of F.1W. obtained with citrate buffers of differing ionic strength at 2° 


Buffers made by diluting a stock solution pH 6-1, J=1-0, containing 0-169M-Na citrate + 0-014™M citric acid. 


F.1W. 

fibrinogen 

Tonic in extract 
strength pH (%) 
0-05 6-49 25-9 
0-15 6-31 40-7 
0-30 6-18 50-2 
0-45 6-09 62-3 


Clottable Plasmin Plasminogen 
N/total N life life 
(%) (days) (min.) 
60-4 15 57 
70-2 18 17 
2-5 26 ll 
71-9 8 13 


Table 5. The extraction of F.1W. with citrate buffers pH 6-1 and 6-5, [=0-3 at 2° 


Buffer vol. equivalent to 40% plasma vol. 


% F.1W. 

pH fibrinogen 
6-1 extract 61-6 
6-1 residue 38-4 
6-5 extract 67-1 
6-5 residue 32-9 


Control F.1W. 


Fractionation of citrate buffer extracts of F.1W. 


The fractional precipitation with ether at 0° of 
the extracts obtained at pH 6-1 and 6-5, J=0-3, was 
examined in a manner similar to that shown in 
Table 3 for citrate—saline solutions, since there was 
a possibility that at these lower pH values a 
separation of plasminogen and plasmin from 
fibrinogen might be effected. Again no useful 
separation was achieved and the results showed 
that the extracts also contained non-clottable 
protein of lower and higher solubility than fibrin- 
ogen (cf. Table 3). 

Fractional precipitation of I=0-3 extracts with 
ether at 0° after diluting to I=0-05. The failure to 
separate plasminogen and plasmin from fibrinogen 
with ether at [=0-3 refocused attention on the 


Clottable Plasmin Plasminogen 
N/total N life life 
% (days) (min.) 

78-0 16 14 

78-5 9 11 

76-2 21 13 

78-3 9 9 

78-0 7 9 


directly with the same volume of pH 6-1, [=0-05 
buffer (Table 4). The precipitate also contained a 
large proportion of the plasminogen and plasmin 
of the whole extract, which is reflected in the 
increase, especially in the plasminogen life, of the 
fractions subsequently separated at 0-5 and 
5-8 vol. % ether. The preliminary removal of a 
fraction at 1 vol. % ether decreased the enzyme 
content of the subsequent 1-5vol. % ether 
fraction, though this entailed the loss of 22% of 
the fibrinogen. The 5-8 vol. % ether fraction was 
unaffected by the initial 1 vol. % step. 

A comparison with the similar fractionation of 
the pH 6-5 extract indicates that pH 6-1 is the 
more advantageous. At pH6-1 more of the 
plasminogen and plasmin are removed at 1 vol. % 
ether, and the subsequent 1—5 vol. % ether fraction 
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consequently contains less of these than the 
corresponding pH 6-5 fraction. For these reasons 
the use of the pH 6-5 buffer was discontinued at this 
stage of the work. 

Another point of interest in the pH 6-1 fraction- 
ation (Table 6) is that though much of the plasmin 
is precipitated by 1 vol. % ether, a further pre- 
cipitation occurs in the 5-8 vol. % ether fraction, 
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less enzyme contaminant, the 0-5-8-0 fraction had 
a significantly higher proportion of clottable 
protein and the fibrinogen recovery was greater. 
In another sample, after removing the enzyme- 
rich fraction with 1-0vol. % ether, the ionic 
strength of the supernatant solution was raised to 
0-20 by the addition of 0-066 vol. of stock concen- 
trated citrate—saline, which also raised the pH to 


after diluting to I=0-05 


Clottable Plasmin Plasminogen 
Fraction, ether % F.1W. N/total N life life 
pH (vol. %) fibrinogen (%) (days) (min.) 
6-1 0 11-6 60-6 <5 5 
0-5 39-1 94-3 10 120 
5-8 5:3 88-2 2 >1320 
0-1 22-2 73-4 1 ll 
1-5 27-4 92-3 16 180 
5-8 5-5 89-2 7 >1320 
Whole extract 61-7 78-0 16 ll 
idue 38-5 78-5 7 9 
6°5 0-1 14-4 67-8 1 7 
1-5 35-7 94-3 7 25 
5-8 9-3 90-4 7 >240 
Whole extract 67°8 76-2 19 ll 
Residue 32-9 78-3 7 9 
Control F.1W. _ 


78-0 7 9 


Table 7. Fractionation of pH 6-1, [=0-3 citrate buffer extract with ether at 0° after diluting to I=0-05 


Clottable Plasmin Plasminogen 
Fraction, ether Tonic % F.2 W N/total N life life 
(vol. %) strength fibrinogen (%) (days) (min.) 
0-0-5 0-05 10-7 59-8 <I ll 
0-1-0 0-05 15-7 67-1 <1 ll 
0-5-8-0 0-05 41:3 97-8 12 200 
1-0-8-0 0-05 37-2 93-8 16 300 
*1-0-8-0 0-20 22-1 98-8 59 >1440 
Whole extract 0-30 60-5 74-1 16 15 
Control F.1W. — o 74-2 7 7 


* 0-1 vol. % ether fraction removed at J =0-05 and supernatant then raised to J =0-20 before bringing ether to 8 vol. %. 


together with non-clottable proteins. The electro- 
phoretic analysis of F.1W. (Table 2) shows that 
a small amount of albumin is present, and this 
would undoubtedly be extracted by the pH 6-1, 
I=0-3 buffer. On reducing the ionic strength to 
0:05 it seemed possible that some of this albumin 
might co-precipitate with fibrinogen at 8 vol. % 
ether. This co-precipitation might be prevented by 
first removing the enzyme rich fraction at I=0-05 
and 0 to 1 vol. % ether, and then increasing the 
onic strength again before precipitating the main 
bulk of fibrinogen. 

Therefore in a further experiment, the effects of 
0-5 and 1-0 vol. % ether were examined at pH 6-1, 
I=0-05 in order to find conditions for removing as 
much plasminogen and plasmin as possible with the 
least loss of fibrinogen (Table 7). Whereas the sub- 
sequent 1-0—-8-0 vol. % ether fraction had slightly 


6-50, and the ether was then brought to 8 vol. %. 
Though the recovery of fibrinogen in the pre- 
cipitate was only 22 %, the product was remarkably 
free from plasminogen and plasmin and the pro- 
portion of clottable protein very high (Table 7). 

Fractionation of pH 6-1, I= 0-3 extracts with ether 
at 0° by successive low and high ionic strength stages. 
An improvement in the fibrinogen recovery at 
I=0-20 could be expected on raising the ether 
concentration to 11 vol. %, and the results of such 
an experiment are given in Table 8, the enzyme- 
rich fraction having been removed with 0-5 vol. % 
ether at I= 0-05. Though the enzyme content of the 
0-5-11% ether fraction was extremely low, the 
clottable N/total N at 96-0% had been exceeded 
previously, and the value for the 8—11 vol. % ether 
subfraction indicated that non-clottable protein 
was precipitated in this region. 
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Table 8. Fractionation of pH 6-1, I=0-3 citrate buffer extract with ether at 0° by successive low 
and high ionic strength stages 


Ionic Fraction, ether 
pH strength (vol. %) 
6-1 0-05 0-0-0-5 
6-5 0-20 0-5-8-0 
6-5 0-20 8-0-11-0 
6-5 0-20 0-5-11-0 


Whole extract — _ 
Control F.1W. a a 





Table 9. Fractionation of pH 6-1, [=0:-3 citrate buffer extract. Effect of pH variation 


at the final high ionic strength precipitation stage 


Tonic Fraction, ether 
pH strength (vol. %) 

6-1 0-05 0-5 

6-5 0-20 0-5-11 

7-0 0-20 0-5-11 

7:3 0-20 0-5-11 

7-6 0-20 0-5-11 
Whole extract — — 
Control F.1W. os —_— 


In order to overcome this, a final experiment was 
carried out (Table 9). After removing the enzyme- 
rich fraction at 0-5 vol. % ether J=0-05, and then 
raising the ionic strength as before to 0-20, samples 
of supernatant were adjusted with 0-2mM-Na,HPO, 
to the pH values shown, the amounts required 
having been determined electrometrically, and the 
ether concentration was then brought to 11 vol. %. 
It is clear from Table 10 that pH 7-0 provided 
optimum conditions for recovery, high proportion 
of clottable protein. and freedom from enzyme 
contamination. 


Summary of the purification procedure 


On the basis of the experimental results pre- 
sented, the following procedure was chosen to 
provide the best yield of fibrinogen of the highest 
purity. 

(1) The fibrinogen is precipitated from plasma by 
adding 11 vol. % ether at 0-0°, and after allowing 
the mixture to equilibrate for 16 hr., as much as 
possible of the clear supernatant is siphoned off; 
the sludge is then centrifuged for 30 min. at 0-0° 
and 1450 rev./min. The centrifuged precipitate F.1 
contains 90% of the plasma fibrinogen. 

(2) The precipitate F.1 is washed by suspending 
it in 30% of the plasma volume of 8 vol. % ether— 
citrate—-saline at 0-2° and centrifuged as before to 
give the product F.1W. The recovery of fibrinogen 
at this stage is almost quantitative. 

(3) The F.1W. precipitate is extracted with 
40% of the plasma volume of citrate buffer 
(pH 6-1, T=0-3) at 0-2° for 3 hr. and the undis- 


Clottable Plasmin Plasminogen 

% F.1W. N/total N life life 

fibrinogen % (days) (min.) 
9-5 51-0 <1 5 
38-7 95-6 40 >360 
9-6 92-3 38 >180 
48-2 96-0 43 >1800 
67-0 77-5 8 11 
— 76-1 5 11 

Clottable Plasmin Plasminogen 
% F.1W. N/total N life life 

fibrinogen (%) (days) (min.) 
13-4 69-1 <1 9 
34-3 97-7 15 >420 
35-2 98-4 45 >420 
34-9 97-2 22 >240 
35-1 97-7 4 >420 
52-5 75-7 8 10 
— 80-4 6 12 


| 


solved residue is centrifuged down. The extract 
usually contains between 55 and 65% of the 
F.1W. fibrinogen. 

(4) The citrate buffer extract (pH 6-1, [=0-3) is 
diluted with 5 vol. distilled water at 0—2° and the 
ether concentration brought to 0-5 vol. % at 0-0°. 
After 16hr. equilibration the enzyme-rich pre- 
cipitate, which also contains 9-14 % of the F.1W. 
fibrinogen, is removed. 

(5) The ionic strength of the supernatant from 
(4) is raised to 0-20 by the addition of 0-066 vol. of 
citrate-saline concentrated 10 times. The pH is 
adjusted to 7-0 with the requisite amount of 0-2m- 
Na,HPO, and the ether concentration raised to 
11 vol. % at 0°; the mixture is allowed to equili- 
brate for 16 hr. 

The precipitate which forms is the purified 
fibrinogen, the yield being 30-40% of the F.1W. 
fibrinogen. It is convenient to dissolve it in citrate— 
saline to give solutions containing 0-5-1-0g. 
protein/100 ml. These are Seitz filtered before use 
or before freeze-drying for storage. 

When preparations are made from 5 1. or more of 
plasma, it is convenient to ensure complete removal 
of the enzyme-rich fraction separated at pH 6-1 and 
I=0-05 by passing the supernatant under 30 cm. 
Hg air pressure through a clarifying filter pad 
(Ford FCB) at 0—2°, on account of the large volume 
of solution involved. This step on the small scale 
had been accomplished by centrifuging the whole 
supernatant, since this precipitate did not settle out 
well. Complete removal is essential if fibrinogen 
with clottable N/total N ratios of 97-98 % and good 
stability is to be obtained. 
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Fig. 2. Electrophoresis and ultracentrifuge diagrams of the main fractions obtained during the course of preparing 
purified fibrinogen. (a) Crude fibrinogen, F.1. (6) Washed fibrinogen, F.1W. (c) and (d) Final purified fibrinogen. 
Electrophoresis photographs. Phosphate buffer (pH 8-0, J=0-2) temp.=0-2°. Protein concentrations: (a) 1-5; 
(b), (c) and (d), 1-0 g./100 ml. Exposures: (a), (b) and (c) after 3 hr. and (d) after 20 hr. at 15 ma. 
Ultracentrifuge photographs. Phosphate—NaCl buffer: phosphate pH 8-0, J =0-2; 0-15M-NaCl. Protein concentra- 
tions: (a) 1-5; (b) 1-0; (c) 0-60, (d) 1-0 g./100 ml. Speed: (a) and (b) 60000 rev./min. (c) and (d) 54000 rev./min. 
All exposures 50 min. after reaching full speed. 
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Fig. 3. Electrophoresis and ultracentrifuge diagrams of subfractions obtained during the course of preparing purified 
fibrinogen. (a) Fraction insoluble at pH 6-1, J=0-3, temp.=0°. (5b) Fraction insoluble at pH 6-1, J=0-05, 
temp. =0°, ether 0-5 vol. %. 

Electrophoresis photographs. Phosphate buffer (pH 8-0, J =0-2) temp. =10-0+0-2°. Protein concentrations (a) 1-5; 
(b) 2-0 g./100 ml. Exposures (a) after 20 hr. at 5 ma, (b) after 5 hr. at 10 ma. 

Uliracentrifuge photographs. Phosphate-NaCl buffer: phosphate pH 8-0, J=0-2; 0-15mM-NaCl. Protein con- 
centration: (a) 1-0, (6) 1-5 g./100 ml. Speed: 54000 rev./min. Exposures: (a) 30 min., (b) 40 min. after reaching 
full speed. 
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Some properties of the main 
fractions separated 


Values have already been given for the clottable 
N/total N ratio and enzyme content of the fractions 
F.1, F.1W. and the cold insoluble residue. In 
Figs. 2 and 3, anode and cathode electrophoresis 
diagrams and ultracentrifuge diagrams of these 
fractions are shown. 

The electrophoresis diagrams for F.1 and F.1W. 
are those from which the analytical values given in 
Table 2 were obtained. In both these fractions the 
fibrinogen gives rise to a single slightly skewed 
peak in the anode limb, whereas in the cathode 
limb two components are apparent. Attempts to 
analyse the complex cathode fibrinogen peak led to 
the conclusion that both components must contain 
clottable protein. In conjunction with the un- 
symmetrical migration and accompanying diver- 
gences in the electrophoretic analyses for the anode 
and cathode limb boundaries, this implies that 
complex formation occurs between fibrinogen and 
some other contaminating plasma protein under the 
conditions obtaining in the cathode limb. 

The cold insoluble residue which at 0-2° is 
obtained as a translucent, semi-elastic almost 
cartilaginous solid, has a very high temperature 
coefficient of solubility. The electrophoretic ex- 
amination of this material was made at 10+ 0-2° in 
order to obtain a clear 1-5% (w/v) solution in 
phosphate buffer (pH 8-0, J=0-2) these conditions 
having been found more satisfactory than a higher 
ionic strength at 0—2°. The electrophoresis diagrams 
(Fig. 3) show a much greater degree of complex 
formation than for the F.1 and F.1W. fractions. 
Two components only are present and in the anode 
limb these account for 91 and 9% and in the 
cathode 62 and 38% of the total protein re- 
spectively. 

The electrophoretic characteristics of the fraction 
precipitated by 0O-5vol. % ether at [=0-05 
resemble those of the cold insoluble residue, and 
in this instance also the experiments had to be 
conducted at 10°. 

The ultracentrifuge diagrams of F.1 and F.1W. 
illustrate the removal of the albumin contaminating 
F.1, and also reveal the presence of a small pro- 
portion of a component with a higher sedimenta- 
tion coefficient than the main peak of F.1W.; the 
main peak is due to fibrinogen and some globulin 
from which the fibrinogen would not be expected 
to resolve. In the cold insoluble residue the pro- 
portion of the heavier component (Sj)118) is 
much higher than in F.1W. and there are trace 
amounts of a component with S,)17-5S. The 
0-5 % ether fraction is very complex in its be- 
haviour in the ultracentrifuge and displays four 
components. The most slowly sedimenting com- 
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ponent is apparently a breakdown product re- 
sulting from the action of plasmin on the fibrinogen 
present in the fraction. 


The purified fibrinogen 


Some characteristics of larger scale preparations 
of fibrinogen are given in Table 10. The clottable 
N/total N ratio varies between 97-0 and 98-7 %, 
with a standard deviation in each instance of about 
+0-2%. As a result of freeze-drying this value 
usually falls by about 1%. 

With the large-scale preparations of purified 
fibrinogen, there was enough material for an 
exhaustive examination of the plasmin and plasmin- 
ogen lives; this is the reason for the apparent 
difference in order to magnitude between the values 
of Table 10 and that of previous tables. The plasmin 
life indicates that the preparations were effectively 
uncontaminated with this enzyme. The plasminogen 
life indicates either that the enzyme precursor was 
absent, or that the activator precursor, with which, 
according to Miillerz & Lassen (1953), streptokinase 
reacts, was absent. 


Table 10. Characteristics of some larger batches 


of purified fibrinogen 
Clottable Plasmin 
N/total N life Plasminogen 
Batch (%) (days) life 

33 97-0 107 >20 hr. 
36 97-2 >42 >42 days 
37 98-7 >42 >42 days 
38 97-1 >42 >42 days 


In the ultracentrifuge (Fig. 2) a single compo- 
nent alone is present in fresh preparations, but after 
storage in solution at pH values between 7 and 8 
for 3 weeks at 0—2° a component of higher sedi- 
mentation coefficient usually appears. At pH 8-0 
in phosphate buffer a single component is apparent 
in both anode and cathode limbs of the electro- 
phoresis apparatus after 3 hr. migration at 15 ma. 
After 300 ma-hr. the anode limb still shows a 
single peak but in the cathode limb the behaviour is 
complex. 

Sedimentation and diffusion measurements on 
such purified fibrinogen preparations gave a mole- 
cular weight of 341000+10000 (Caspary & 
Kekwick, 1954). There were indications at con- 
centrations lower than 0-15 g./100 ml., that the 
molecules tended to dissociate. 


DISCUSSION 


There have been many attempts to purify fibrin- 
ogen, more especially from animal sera, in which 
salting out methods with sodium chloride, am- 
monium sulphate and latterly potassium phosphate 
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have been used. The accumulated experience 
showed the general desirability of fractionating in 
the presence of sufficient amounts of anticoagulant 
salts, such as citrate or oxalate, to prevent clotting 
during the course of purification, and also that it 
was advantageous to work at temperatures just 
above 0° on account of the lability of fibrinogen, 
though this apparent lability may partly have been 
due to the unrecognized effects of contamination 
with plasma proteases. Purification to the limit 
possible with the criteria available, was seldom 
attempted. 

The renaissance of solvent fractionation pro- 
cedures with their greater variety of conditions 
almost coincided with the elucidation of much of the 
basic nature of the plasminogen—plasmin system. 
However, solvents such as ethanol and ether are 
apparently able to dissociate a plasmin—inhibitor 
complex, or to some extent possibly to activate 
plasminogen to plasmin. Since the latter is fibrino- 
genolytic as well as fibrinolytic, fibrinogen solutions 
obtained by the use of organic solvents sometimes 
lose rapidly their characteristic ability to form a 
clot with thrombin. To determine the physico- 
chemical characteristics of fibrinogen from such 
preparations is obviously open to criticism. 

The preparation of purified human fibrinogen 
by ethanol fractionation has been described by 
Morrison, Edsall & Miller (1948). They showed that 
a non-clottable protein of lower solubility than 
fibrinogen was present in their crude concentrates, 
a finding which is confirmed by results presented 
here. After removing this cold-insoluble globulin 
they obtained preparations in which fibrinogen 
represented 95-98% of the total protein as 
determined by gravimetric analysis (Morrison, 
1947). These values are presumably subject to a 
correction of 1-5-2-0% for ash and then would 
correspond with 93-5-96-5 % purity on the basis of 
the clottable N/total N ratio used in the present 
paper. In the ultracentrifuge such preparations 
showed two components with sedimentation co- 
efficients 8-5 (87%, main component) and 12-148 
and occasional traces of components of 2-3 and 
18-208. In the electrophoresis apparatus 5-8 % of 
a faster component separated from the main peak 
after prolonged migration. No data were provided 
to indicate whether these preparations were free 
from plasminogen or plasmin, but our experience 
would suggest that the preparative procedure used 
would be unlikely to remove these contaminants. 

The procedure described in this paper for the 
preparation of fibrinogen provides a yield of 30- 
40 % of the initial material. The product is demon- 
strably free from other components participating in 
the clotting mechanism such as prothrombin and 
antihaemophilic globulin. It is substantially free 
from plasmin and most probably from plasminogen. 
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In the ultracentrifuge a single component alone 
is observable, though a second more rapidly sedi- 
menting component tends to form after storing 
solutions at 0-2° for some weeks. In the electro- 
phoresis apparatus at pH 8-0 the anode boundary 
moves as one component even after prolonged 
migration but the cathode boundary eventually 
becomes complex, a phenomenon which may be 
related to the dissociation that occurs in dilute 
solutions (Caspary & Kekwick, 1954). 

For a series of preparations uniform with respect 
to the properties just discussed, the clottable N/ 
total N ratio has varied between 97-0 and 98-7 %, 
and from this standpoint it is still not possible to 
conclude what value ‘pure’ human fibrinogen 
should attain. Evidence has been provided by 
Bailey et al. (1951), that the primary action of 
thrombin on fibrinogen is to split off a peptide or 
peptides, the residue of the main molecule then 
polymerizing to form the characteristic clot. For 
bovine fibrinogen Lorand (1952) suggests that the 
peptide or peptides account for about 3-5 % of the 
fibrinogen nitrogen, or in other words the clottable 
N/total N ratio of pure bovine fibrinogen should be 
close to 96-5%. A species variation in this value 
would not be unexpected, and in fact the data 
presented here suggest that the clottable N/total N 
ratio for human fibrinogen is probably higher than 
the value for bovine fibrinogen deduced from 
Lorand’s data. 

For these preparations of human fibrinogen it 
can be stated that, from the point of view of the 
clotting test, at least 97% of the molecules are 
identical, and the physicochemical and other data 
obtained are consistent with this interpretation. 


SUMMARY 


1. Experiments are described which led to a 
method for the separation and purification of 
human fibrinogen using systems containing diethyl 
ether. 

2. The purified fibrinogen obtained, which is 
uncontaminated with other components of the 
clotting mechanism, has a clottable N/total N 
ratio in excess of 97%, and is substantially free 
from plasminogen and plasmin. 

3. The purified fibrinogen sediments as a single 
component in the ultracentrifuge. After prolonged 
electrophoresis at pH 8-0 the anode limb boundary 
remains a single peak but the cathode limb 
boundary becomes complex. 

4. The characteristics of some plasma protein 
fractions separated during the course of the puri- 
fication of fibrinogen are briefly described. 

This work was carried qut on material used for the 


production of human plasma fractions for clinical purposes 
by the Blood Products Research Unit (Medical Research 
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Council and Lister Institute). Blood was provided to the 
Blood Products Research Unit by the South London Blood 
Transfusion Depot. 

Fig. 1 is reproduced from the Medical Research Council 
Special Report, no. 286, by permission of the Controller, 
H.M. Stationery Office. 

During the course of the work one of us (M.H.N.) 
received a personal grant from the Medical Research 
Council. 
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and the encouragement given to us by Sir Alan Drury, 
C.B.E., M.D., F.R.S. 
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A Gram-negative coccus isolated from the rumen 
of the sheep (Elsden, Gilchrist, Lewis & Volcani, 
1951) ferments a variety of substances with the 
production of hydrogen, carbon dioxide and 
volatile fatty acids (Elsden & Lewis, 1953). This 
organism, referred to as LC, is of considerable 
interest, since it produces volatile fatty acids 
(VFA’s) higher than butyrate. Its metabolism has 
been shown to resemble, in many respects, that of 
Clostridium kluyveri (Stadtman & Barker, 1949a). 
During the fermentation of glucose the main 
products are fatty acids containing an even 
number of carbon atoms, whereas during growth on 
lactate considerable amounts of propionate and 
valerate are formed and little or no hexanoate. The 
production of fatty acids containing an even 
number of carbon atoms probably occurs via a 
condensation of 2-carbon fragments (Elsden & 
Lewis, 1953). 


Lewis, Nisman & Elsden (1952) reported that LC 
fermented L-serine, t-threonine, L-cysteine and 
acrylate, and in the present paper we give the 
results of a more detailed investigation of the 
anaerobic metabolism of these four compounds by 
this organism. 

During recent years the microbial degradation of 
serine, threonine and cysteine has been actively 
studied. Thus, Woods & Clifton (1937) showed that 
Cl. tetanomorphum ferments pDti-serine and L- 
cysteine with the formation of hydrogen, carbon 
dioxide, ammonia and VFA’s. Gale & Stephenson 
(1938) showed that washed suspensions of Escheri- 
chia coli under anaerobic conditions rapidly pro- 
duced ammonia from D1L-serine; the progress curve 
of ammonia formation indicated that one isomer 
was preferentially attacked. Chargaff & Sprinson 
(1943), also using Esch. coli, showed that the 
deamination of serine and threonine was accom- 
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panied by the formation of pyruvate and «- 
oxobutyrate, respectively. They proposed the 
mechanism given below, in which R is either H or 
CH,;, which involves an enzymic dehydration 
followed by two non-enzymic reactions: 





R R 
| | 

CHOH (-H,0) CH 

| — 
CHNH, C—NH, 

| | 

COOH COOH 


Tarr (1933) showed that hydrogen sulphide is 
produced from cysteine by washed suspensions of 
Proteus vulgaris, and several investigators have 
studied the widely distributed enzyme system, 
cysteine desulphurase, which brings about the 
formation of hydrogen sulphide, ammonia and 
pyruvate from cysteine; this work has been re- 
viewed by Smythe (1945) and by Fromageot 
(1951). There is an obvious parallel between the 
action of cysteine desulphurase and of serine and 
threonine deaminase, and Fromageot postulated 
that the mechanism proposed by Chargaff & 
Sprinson (1943) for the latter reaction would also 
account for the former. In the case of the f- 
hydroxy-«-amino acids the first step is the elimina- 
tion of water giving an «f-unsaturated amino acid; 
in the case of cysteine, hydrogen sulphide is re- 
moved giving the same type of compound. There 
has been considerable discussion on the identity, or 
otherwise, of these two enzymes. Binkley (1943), 
using cell-free preparations from yeast, obtained 
evidence that the two systems were identical, 
whereas Wood & Gunsalus (1949) made cell-free 
preparations of Esch. coli which attacked both 
serine and threonine, but not cysteine. Yanofsky & 
Reissig (1953), using extracts of Neurospora, 
obtained results similar to those of Wood & 
Gunsalus (1949). They showed that pyruvate and 
a-oxobutyrate were produced from serine and 
threonine, respectively, and that ammonia and the 
«-oxo acid were formed in equivalent amounts. The 
pH optimum for the deamination was in the range 
pH 9-0-9-5. 

Cardon & Barker (1946, 1947) studied the fer- 
mentation of DL-serine, DL-threonine and acrylate 
by Cl. propionicum. Ammonia, carbon dioxide, 
acetate and propionate were formed from DL- 
serine; ammonia, carbon dioxide, propionate and 
butyrate were produced from pL-threonine, and the 
products from acrylate were carbon dioxide, 
acetate and propionate. Barker & Wikén (1948) 
showed that when pui-threonine was fermented by 
washed suspensions of Cl. propionicum in the 
presence of “CH,;.4COO-, the butyrate formed 
was not radioactive. They concluded, on the basis 
of these experiments, that acetate was not an 
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intermediary in the synthesis of butyrate from 
threonine and they suggested instead that, in the 
conversion of threonine into butyrate, the carbon 
skeleton remains intact. LC resembles Cl. pro- 
pionicum in that it ferments serine, threonine, 


R R 
| | 

CH, (+H,0) CH, +NH, 
l cinioamenits 

CNH c=0 

| | 

COOH COOH 


lactate and acrylate with propionate as one of the 
end products. It is perhaps significant for our 
work that Johns (1952) has shown that the forma- 
tion of propionate by Cl. propionicum does not 
involve the fixation of carbon dioxide, and that 
there is a possibility that acrylate, or a derivative 
thereof, is an intermediary. 


METHODS AND MATERIALS 


Growth media, washed suspensions and manometric 
methods. The strain LC3 was used in these experiments; 
otherwise the procedures were as described by Elsden & 
Lewis (1953). 

Acetone powders. The organism was grown in 10 oz. 
screw-cap bottles filled to the neck with medium. After 
autoclaving, the bottles were rapidly cooled, inoculated and 
incubated at 37° for 20 hr. Under these conditions good 
growth was regularly obtained without the use of anaerobic 
jars; thirty bottles were set up at a time. The organisms 
were harvested on the centrifuge, washed once with and 
suspended in 100 ml. freshly boiled-out distilled water. The 
suspension was cooled in ice and squirted into 500 ml. 
acetone cooled in ice. After standing for 20 min. at 0-2° the 
precipitate was filtered off (Whatman no. 1 paper) and 
washed successively with 500 ml. acetone, 500 ml. acetone 
containing 50% (v/v) ether and finally with 500 ml. ether, 
all at 0-2°. Care was taken to prevent the residue from 
becoming dry until the washing was completed. The 
acetone powder so obtained was dried for 1-2 days in a 
vacuum desiccator over paraffin wax. Several batches of 
acetone powder were prepared in this manner and the yields 
were of the order of 3 g. acetone powder/thirty bottles. 

Total nitrogen. This was determined by the Kjeldahl 
method as described by Chibnall, Rees & Williams (1943) 
using the Markham steam-distillation apparatus. The 
ammonia was trapped in the boric acid reagent of Conway & 
O'Malley (1942) and titrated with standard acid. 

Volatile fatty acids were estimated by steam distillation 
under acid conditions in a Markham still. The distillate was 
aerated for 3 min. with CO,-free air and titrated with 
0-01 n-NaOH using phenol red as indicator. a-Oxo acids are 
volatile in steam and thus interfere. The effect of pH on the 
volatility of VFA’s and «-oxo acids was investigated and 
the results of this study are given in Table 1. 

On the basis of these results the following technique was 
employed for the estimation of the VFA’s. A sample 
(2 ml.) was placed in the Markham still; if a smaller 
volume was used this was made up to 2 ml. with water. To 
this was added 2 ml. of M-KH,PO, which had been brought 
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Table 1. Effect of pH on the steam distillation of fatty acids and «-oxo acids 


Distillation carried out in a Markham still using 2 ml. of fatty acid and oxo acid solution (50 zmoles) and 2 ml. buffer 
(M-KH,PQ, adjusted to appropriate pH with 60% (w/v) H,PO,). Results expressed as % of that recovered by distilling 


according to Elsden & Lewis (1953). 


Distillate Formic 
pH (ml.) acid 
2-5 50 97 

100 98 
150 100 
3-0 50 95 
100 97 
150 98 
3°5 50 90 
100 95 
150 96 
4-0 50 70 
100 88 
150 92 


Acetic Pyruvic a-Oxobutyric 
acid acid acid 
100 20 25 
100 31 36 
100 41 50 

99 8 12 
100 14 18 
100 18 25 

98 3 7 

99 5 12 
100 9 16 

96 1 3 

98 2 6 

99 4 8 





to pH 3-5 by the addition of 60% (w/v) aqueous H,PO,. 
A volume of 150 ml. distillate was collected, titrated in the 
usual manner and concentrated in vacuo to 1 ml. The 
concentrate was returned to the Markham still and the 
volume made up to 2 ml. with washings. The distillation at 
pH 3-5 was then repeated and 100 ml. of distillate collected 
and titrated. The subsequent analysis of the fatty acids was 
carried out by the gas-liquid chromatographic procedure 
of James & Martin (1952) with some modifications as de- 
scribed by Annison (1954). Using this technique, recoveries 
of fatty acids added to bacterial suspensions were within 
the range of 92-98% except in the case of formic acid 
(86-92%); less than 4% of added pyruvic acid or «- 
oxobutyric acid appeared in the first distillate. 

Ammonia was determined by the method of Conway & 
O’Malley (1942). 

Estimation of amino acids. «-Amino N was determined 
by measuring the N, liberated on treatment with HNO, in 
the Van Slyke-Neil manometric apparatus (Peters & Van 
Slyke, 1932). 

Oxo acids. These were estimated by the method of 
Friedemann & Haugen (1943). 

Reagents. «-Oxobutyrate was obtained from L. Light & 
Co., Colnbrook, Bucks, England. Crystalline sodium 
pyruvate was prepared from redistilled pyruvic acid. 
A standard solution of sodium acrylate was obtained by 
steam distilling 60% acrylic acid (L. Light & Co., Coln- 
brook, Bucks) under acid conditions. The distillate was 
titrated with alkali under CO,-free conditions and stan- 
dardized by micro-hydrogenation with colloidal palladium 
(Harrison, 1939). L-Serine and p-serine were obtained from 
the California Foundation for Biochemical Research, Los 
Angeles, California; L-threonine, p-threonine, L-cysteine, 
DL-alanine, pL-glutamic acid, DL-aspartic acid, L-arginine 
and pt-isoleucine from L. Light & Co. Ltd., Colnbrook, 
Bucks; and t-cysteine, DL-methionine, DL-valine, L- 
histidine, L-leucine and L-proline from Roche Products 
Ltd., Welwyn Garden City, England. The samples of L- 
cysteine released ammonia when treated with alkali 
according to the procedure of Conway & O'Malley (1942) 
but after recrystallization from aqueous ethanol this did not 
occur. Consequently, cysteine was recrystallized in this 
way before use. The amino acids were chromatographically 


pure, using both collidine saturated with water and butanol 
saturated with 20 % (v/v) aqueous acetic acid as developing 
solvents. u-Cysteine decomposed during the chromato- 
graphic procedure and so its purity could not be assessed in 
this way. Freshly made solutions of L-cysteine had an 
optical rotation of [«]}? +6-8-40-5° in N-HCl (c, 6-6). 


RESULTS 


Experiments with washed suspensions 


Deamination by washed suspensions. In pre- 
liminary experiments the anaerobic metabolism of 
the following amino acids by washed suspensions of 
LC3 was studied; L-serine, L-threonine, L-cysteine, 
DL-alanine, Di-glutamic acid, DL-aspartic acid, 
L-cysteine, D-serine, D-threonine, DL-methionine, 
DL-valine, t-histidine, L-leucine, L-arginine, DL- 
isoleucine and t-proline. Of these only 1L-serine, 
L-threonine and t-cysteine were rapidly deami- 
nated and the remaining amino acids were attacked 
at less than 10% of the rate of these three; the 
D isomers of serine, threonine and cysteine were 
attacked slowly, if at all. We decided, therefore, to 
confine our attention to L-serine, L-threonine and 
L-cysteine and the rates of deamination of these 
three amino acids are given in Table 2. 

Deamination was accompanied by the formation 
of gas, only part of which was absorbed by KOH. 
On the basis of analyses of the gases produced 
during growth it was assumed that the remaining 
gas was hydrogen. An experiment was therefore 
designed to determine the course of hydrogen 
output from the three amino acids and in addition 
acrylate, which Cardon & Barker (1946) had shown 
to be fermented by Cl. propionicum, an organism 
whose metabolism resembles, in some respects, 
that of LC. Fig. 1 shows the progress curves for 
hydrogen production from t-serine, L-threonine, 


L-cysteine, acrylate and pyruvate under an 
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atmosphere of hydrogen. Pyruvate was included 
as a control, since the metabolism of this com- 
pound by LC had been studied previously in some 
detail (Elsden & Lewis, 1953). It will be seen that 
hydrogen was produced more rapidly from pyru- 
vate and acrylate than from threonine, serine and 
cysteine and that, in the case of these two sub- 
strates, there was a marked secondary uptake of 
hydrogen. More hydrogen was produced from 
threonine than from either serine or cysteine. In 


Table 2. Ammonia production from amino acids 
by washed suspension of LC3 


Experiments carried out in Warburg manometers with 
single side bulbs which contained 2 ml. washed suspension 
(0-84 mg. bacterial N) in 0-1m phosphate buffer (KH,PO,— 
K,HPO, mixture), pH 6-5, and 0-02 % (w/v) with respect to 
Na,S,9H,O. Side bulb contained 50ymoles substrate in 
0-5 ml. water. Gas phase N,; temp., 37°; time 40 min. 
Results expressed as pmoles NH, produced/40 min. 


NH, formed 
Substrate (umoles) 
Control 2-7 
L-Serine 15-9 
L-Threonine 16-6 
L-Cysteine 8-9 


14-0 


12:0 


10-0 


moles hydrogen 
oa co 
° S 


+ 
° 


i-Cysteine 


y 
oS 


No substrate 





20 40 60 80 100 120 


Time (min.) 


Fig. 1. Rate of production of hydrogen from pyruvate, 
acrylate, L-cysteine, L-serine and L-threonine by washed 
suspensions of LC3. Each flask contained 2 ml. bacterial 
suspension (0-68 mg. bacterial N) in 0-1m phosphate 
buffer (KH,PO,-K,HPO, mixture), pH 6-5, and con- 
taining 0-02 % (w/v) Na,S,9H,O; 50 umoles substrate in 
0-5 ml. water placed in side bulb; centre well contained 
0-2 ml. 20% (w/v) KOH plus filter paper; gas phase H, ; 
temp. 37°. 
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some experiments with serine a slight reduction in 
pressure was observed towards the end of the 
incubation period. Occasionally, with cysteine as 
the substrate, no hydrogen was formed but there 
was instead a slight uptake of gas. 

Effect of pH. The effect of pH on the metabolism 
of these amino acids was next examined. For the 
purpose of these experiments the cells were both 
washed with and suspended in 0-9 % (w/v) sodium 
chloride containing 0:02% (w/v) Na.S,9H,O and 
the pH adjusted to 7-0 with n-HCl. To 1 ml. of the 


ob 
uw 
oO 


ais 
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bumoles NH, or H,/mg. N/hr. 
+ 
3S 


| 
aa 
Oo 





Fig. 2. Effect of pH on the production of hydrogen and 
ammonia from L-serine, L-threonine and L-cysteine by 
washed suspensions of LC3. Experiments carried out in 
flasks with double side bulbs. Each flask contained 1 ml. 
of a bacterial suspension (0-4-0-9 mg. bacterial N) in 
0-9% (w/v) NaCl containing 0-02% (w/v) Na,S,9H,O 
and pH of suspension adjusted to 7-0; 1 ml. of 0-2 m 
phosphate buffer (KH,PO,-K,HPO, mixtures) of 
appropriate pH. Centre well contained 0-2 ml. 20% 
(w/v) KOH; first side bulb 50 pmoles substrate in 0-5 ml. 
water; second side bulb 0-5 ml. 4Nn-H,SO,; gas phase 
H,; temp. 37°. Reaction stopped 30 min. after addition 
of substrate by addition of acid from second side bulb. 
Results expressed as pmoles H,/mg. bacterial N/hr. 
(calculated over period 10-30 min.) and as pmoles 
NH,/mg. bacterial N/hr. (calculated over period 0- 
30 min.). Results not corrected for the values obtained 
in the absence of substrate since these were negligible. 
——, H,; --—--, NH,; O, L-cysteine; x, L-threonine; 
@, L-serine. 


suspension in each manometer vessel was added 
1 ml. of 0-2m phosphate buffer of the required pH. 
The rates of both hydrogen and ammonia forma- 
tion, expressed as pmoles/mg. bacterial N/hr., 
were measured and plotted against pH (Fig. 2). 
The experiments lasted 30 min. and in the case of 
hydrogen output, the rate was calculated from the 
figures obtained over the period 10-30 min. 
following the addition of the substrate. The rates of 
ammonia formation were calculated from the 
amounts produced in the 30min. incubation 
period. In the case of ammonia formation there 
appears to be an optimum in the range pH 6-5-7-0. 
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The curves for hydrogen production are more indicator. The amount of hydrogen produced was 
difficult to interpret, due possibly to the simul- determined in a parallel series of experiments 
taneous occurrence of reactions which involve carried out in Warburg flasks in which all the 
both the formation and utilization of this gas. quantities were reduced to one-fifth of those in the 
Under these circumstances an alteration in the rate large vessels. The acidified suspension was trans- 
of hydrogen output as a result of a change in pH ferred to a 25 ml. flask and the volume made up to 
may be due not so much to an inhibition of the the mark with washings. Samples of this sus- 
‘hydrogenlyase’ as to the acceleration of the soy ' ae 
hydrogen-utilizing system. 

Fermentation products. The products formed 
from the three amino acids, and from acrylate and 
pyruvate were next determined. The reactions were 
carried out in vessels made from 100 ml. round- 
bottomed flasks (Fig. 3). 

One of the side bulbs contained 1-0 ml. of a 
saturated aqueous solution of barium hydroxide to 
absorb the carbon dioxide produced. This solution 
was standardized by titration before use. The sub- 
strate solution was placed in the second side bulb, 
and the washed suspension in the main compart- 
ment. The gas inlet tube was then attached, the 
stoppers placed loosely in the sockets of the side 
bulbs and the flask flushed with hydrogen through 
the gas inlet tube. When the gassing was completed 
the cock was turned and the stoppers were pressed 
firmly into place. Two flasks were set up for each 
experiment, the second containing no substrate. 
The flasks were placed in a Warburg bath at 37° 
and shaken gently for a time, after which the sub- 
strate was added from the side bulb. At the end 
of the experiment, each flask was cooled in an ice 1:2 in. 
bath and 2 ml. of 4N-H,SO, was added through the 
inlet tube, care being taken to avoid the intro- 
duction of air. The flask was then shaken in the 
bath at 37° for a further 30 min. to ensure that all : | 
the carbon dioxide was absorbed by the Ba(OH),. oem. 

The carbon dioxide was estimated by titration Fig. 3. Large-scale fermentation vessel. Vessel made from 
of the residual Ba(OH),, using thymol blue as a Pyrex 100 ml. round-bottomed flask. 
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Table 3. Analysis of products of amino acids and acrylate during their fermentation by LC 


Experiments carried out in flasks shown in Fig. 3. The main compartment contained 10 ml. washed suspension in 
0-1m phosphate buffer (KH,PO,-K,HPO, mixture) pH 6-5 (8-7 mg. total N). Substrate solution (1 ml.) in first side arm 
and second side arm contained 1-0 ml. sat. Ba(OH),. Gas phase H,, temp. 37°, incubation time 2 hr. Results expressed as 
pmoles and corrected for control values given. Amounts of amino acids utilized calculated from the amount of ammonia 
formed corrected for ammonia production in control without substrate. 


Substrate Control Pyruvate Acrylate L-Serine L-Threonine L-Cysteine 
Added _ 172-8 141-3 106-6 140-0 95-6 
Residual substrate — 0-8 0-0 -- _ — 
NH, formed 4-6 — -- 47-6 97-1 32-8 
Substrate utilized — 172-0 141-3 47-6 97-1 32-8 
Hydrogen 0-6 30-3 28-8 24-0 29-4 2-7 
Carbon dioxide 21:3 181-6 72-2 46-6 78-0 33-6 
Formic acid 0-6 0-3 0-2 3-4 3-7 4-6 
Acetic acid 6-4 32-4 53-9 14-1 6-0 8-4 
Propionic acid 0-9 2-0 64-4 3:3 75-6 0-6 
Butyric acid 0-5 61-5 1-0 8-6 2-9 10-2 
Valeric acid 0 0-9 13-3 1-0 11-0 1-6 
Total VFA 8-4 97-1 132-8 30-4 99-2 25-4 
Carbon recovery (% — 97 105 90 100 107 


0-98 0-94 0-91 


© 
© 
© 


Redox ratio — 0-91 
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pension were used for the estimation of ammonia, 
amino-N, VFA’s and residual substrate. The 
results are given in Table 3. The redox balances 
(Johnson, Peterson & Fred, 1931) were consistently 
low, and this could be due to low recoveries of 
either the higher VFA’s or of the hydrogen 
measured manometrically. The main VFA’s pro- 
duced were acetate and butyrate from pyruvate, 
L-cysteine and L-serine; acetate and propionate 
from acrylate and propionate from t-threonine. 
Some valerate was produced from both acrylate 
and t-threonine. It is interesting to observe that 
a small though significant quantity of a material 
which had on the James & Martin (1952) chromato- 
gram the same retention volume as formic acid, 
was produced from the amino acids. In view of this, 
the activity of the formic hydrogenlyase of strain 
LC3 was tested and found to be considerably 
lower than that reported previously for strain LC 1 
(Elsden & Lewis, 1953); formate was attacked, but 
more slowly. 
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of amino acids. Preliminary experiments with 
acetone powders of LC3 confirmed Warner’s 
observations and also showed that both 1L-serine 
and L-threonine were attacked with the formation 
of ammonia and large amounts of oxo acids. 
A more detailed investigation of the properties of 
acetone powders was therefore undertaken. 
Products of the reaction. The acetone powder was 
prepared as described above and a series of experi- 
ments was designed to determine quantitatively 
the products of the fermentation of pyruvate, «- 
oxobutyrate, L-serine, L-threonine and acrylate. 
The incubations were carried out in manometer 
vessels using the procedure described by Elsden & 
Lewis (1953) for experiments with washed sus- 
pensions. The results are presented in Table 4. 
With the exception of «-oxobutyrate and L- 
threonine the carbon recoveries were adequate, and 
in view of the variety of end products the redox 
balances were satisfactory. The oxo acids formed 


Table 4. Fermentation of amino acids, oxo acids and acrylate by acetone powder of LC3 


Experiments carried out in Warburg flasks with double side bulbs (for details of procedure see Elsden & Lewis, 1953). 
Main compartment contained 30 mg. acetone powder in 2 ml. phosphate buffer (KH,PO,-K,HPO, mixture) pH 6-5. One 
side bulb contained 0-2 ml. CO,-free 2N-NaOH plus filter paper; the other 0-4 ml. 4n-H,SO,. Substrate added from Keilin 
dangling tube (0-4 ml.). Gas phase H, ; temp. 37°; incubation time 2 hr. Amounts of amino acid utilized calculated from 
the amount of NH, produced corrected for NH, produced in the absence of substrate. All results expressed as ymoles and 


corrected for control values. 


Substrate Control Pyruvate 
Added 0 67-1 
Residual substrate — 12:3 
Ammonia formed 3-4 a 
Oxo acid formed 0-8 os 
Substrate utilized — 54:8 
Carbon dioxide 4-1 44:8 
Hydrogen -5°8 23-4 
Total VFA 12-1 54-6 
Formic acid 0-2 2-2 
Acetic acid 9-4 44-3 
Propionic acid 1-6 5-2 
Butyric acid 0-9 2-9 
Carbon recovery (%) — 94 
Redox balance — 0-99 


Experiments with acetone powders of LC3 


The fermentation of these compounds obviously 
involves a complex series of reactions, the precise 
nature of which is difficult to deduce from the 
results of experiments with whole cells. Mr A. C. 
Warner, in unpublished experiments, observed 
that acetone powders of LC attacked pyruvate 
with the formation of hydrogen and carbon 
dioxide; acetate was the main VFA produced and 
it seemed probable that the enzymes concerned 
with the synthesis of higher acids had been in- 
activated. Such preparations, because of their 


restricted activity, seemed to provide a means of 


a-Oxobutyrate L-Serine L-Threonine Acrylate 
49-0 42-7 54-0 70-6 
22-5 — —_— 14-3 
-- 34-0 52-9 — 
— 11-4 21-2 0-2 
26-5 34-0 52-9 56-3 
20-3 20-0 25-0 8-5 
20-0 16-2 22-6 — 28-6 
26-1 22-8 28-3 51-8 
1-4 0-4 3-4 0 
5:3 19-3 1:3 6-5 
19-2 3-1 23-6 45-3 
0-2 0 0 0 
86 101 88 94 
0-94 1-03 0-94 0-99 


from L-serine and L-threonine were estimated on 
the assumption that the former gave rise to pyru- 
vate and the latter to «-oxobutyrate. It will be 
shown later that this assumption was justified. 
All substrates save acrylate were attacked with 
the formation of hydrogen and carbon dioxide. In 
the case of the acrylate there was a large and rapid 
uptake of hydrogen and only small amounts of 
carbon dioxide were formed. There was a simi- 
larity between products of the fermentation of 
L-serine and pyruvate on the one hand and between 
those of L-threonine and «-oxobutyrate on the 
other. Propionate was the main VFA produced 
from acrylate, u-threonine and «-oxobutyrate, 





—_{—_— —_—=__—_ LT 


eee 





VT FF FF | ee 


-_ 


a 


a a ee 


a LCN cr 


Vol. 60 


whereas acetate was the major acid formed from 
L-serine and pyruvate. Small amounts of pro- 
pionate were also produced from this latter pair of 
substrates and a trace of butyrate was found in 
the steam distillate from the pyruvate fermenta- 
tion. 

Identification of oxo acids. The oxo acids were 
isolated as the 2:4-dinitrophenylhydrazones and 
characterized on the basis of melting points and 
elementary analyses. The yield of oxo acid from 
both serine and threonine was found to increase 
with increasing pH over the range pH 6-0-9-5 and 
use was made of this in the isolation of the oxo 
acids produced from these compounds. Also, since 
the rate of deamination by the acetone powder was 
rapid, dilute suspensions and an incubation period 
of only 40min. were used. The reactions were 
carried out in the large vessels (Fig. 3), three of 
which were used, one for L-serine, one for L- 
threonine and a third which served as a control 
without substrate. Each flask contained 120 mg. 
acetone powder in 25ml. 0-1m borate buffer 
(boric acid~NaOH-KCl mixture) pH 9-0. One side 
bulb contained 300 mg. of substrate in 2 ml. of 
water and the other 2 ml. of 4N-H,SO,; the gas 
phase was hydrogen. After equilibration in the 
manometer bath, the substrates were tipped in and 
the vessels incubated at 37° for 40 min. The acid 
was then added from the second side bulb and the 
contents of the vessel removed and centrifuged. To 
the supernatants were added 50 ml. of a saturated 
solution of 2:4-dinitrophenylhydrazine in N- 
H,SO,. Heavy yellow precipitates formed in the 
solutions to which serine and threonine had been 
added but none in the control without substrate. 
The solutions were allowed to stand overnight at 
0°, the precipitates then filtered off and washed 
with N-H,SO, and dried. On the assumption that 
pyruvate was produced from serine, the yield of 
the 2:4-dinitrophenylhydrazone was equivalent to 
28% of the added serine and, assuming that «- 
oxobutyrate was formed from threonine, the yield 
of the 2:4-dinitrophenylhydrazone amounted to 
42% of the threonine used. These preparations 
were then recrystallized 3 times from aqueous 
ethanol and dried in vacuo. The chemical and 
physical properties of these crystals were then 
examined. The 2:4-dinitrophenylhydrazone from 
L-serine had m.p. 214-215°, mixed m.p. with an 
authentic sample of the 2:4-dinitrophenylhydr- 
azone of pyruvic acid, prepared by the same pro- 
cedure from pyruvic acid (m.p. 215°), was 214°. 
(Found: C, 40-6; H, 3-2; N, 20-7. Cale. for 
C,H,N,O,: C, 40-3; H, 3-0; N, 20-9%.). The 2:4- 
dinitrophenylhydrazone from t-threonine had 
m.p. 194° and the mixed m.p. with an authentic 
sample of the 2:4-dinitrophenylhydrazone of «- 
oxobutyric acid, prepared by the same procedure 
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(m.p. 194-195°) was 195°. (Found: C, 42-7; H, 3-7; 
N, 20-1. Cale. for C\gH,yN,O,: C, 42-5; H, 3-5; N, 
19-9%.) All m.p.’s are uncorrected and the 
elementary analyses were carried out by Weiler and 
Strauss, Oxford. These results confirm that pyru- 
vate is formed from t-serine and a-oxobutyrate 
from u-threonine. 

Effect of pH on the deamination of L-serine and 
L-threonine by acetone powders. In the previous 
section it was indicated that maximum accumula- 
tion of «-oxo acids occurred at pH 9-9-5. Fig. 4 





moles NH,/mg. N/hr. 





10-0 


60 70 8-0 9-0 


Fig. 4. Effect of pH on the production of ammonia from 
L-serine and t-threonine by acetone powders of LC3. 
Experiments carried out in Warburg manometers with 
double side bulbs. Each flask contained 1 ml. of a 
suspension of acetone powder (approx. 20 mg. powder/ 
ml., equivalent to approx. 2-3 mg. total N) in 09% 
(w/v) NaCl containing 0-02% Na,S,9H,O and pH 
adjusted to 7-0; 1 ml. of either 0-2m phosphate buffer 
(KH,PO,-K,HPO, mixture) or 0-2m borate buffer 
(HBO,-KCl-NaOH mixture). Centre well contained 
0-2 ml. 20% (w/v) KOH. First. side bulb contained 
50pmoles substrate in 0-5 ml. water and second side 
bulb 0-5 ml. 4n-H,SO,. Gas phase H,; temp. 37°. 
Reaction stopped 20 min. after addition of substrate by 
addition of acid from second side bulb. Results, which 
are expressed as ymoles NH, formed/mg. total N/hr., are 
not corrected for ammonia formed in absence of sub- 
strate which was negligible. , Experiments in 
phosphate buffer; —-—-, experiments in borate buffer; 
O, L-serine; @, L-threonine. 








shows the effect of pH on the rate of ammonia 
formation by acetone powders of LC3 in the 
presence of L-serine and L-threonine, respectively, 
Since the phosphate buffer system would not cover 
the range required (pH 6-10) the experiments were 
carried out with both phosphate buffers (KH,PO,— 
K,HPO, mixtures) and borate buffers (H;BO,- 
NaOH-KCl mixtures). The experimental period 
Bioch. 1955, 60 
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was 20 min., and in this time the maximum amount 
of ammonia produced was equivalent to less than 
40% of the substrate added. The results given in 
Fig. 4, which are expressed as ymoles NH,/mg. 
total N/hr., have not been corrected for the 
ammonia produced in the appropriate controls 
without substrate since in all cases this amounted to 
less than 10 % of that formed in the presence of the 
substrate. It will be seen that the optima for both 
reactions were in the range pH 9-9-5, and that, at 
pH 8-0, where direct comparison is possible, the 
reaction is more rapid in phosphate than in borate 
buffer. 


DISCUSSION 


The above experiments show that L-serine, L- 
threonine, L-cysteine and acrylate are fermented by 
washed suspensions of LC3 under hydrogen with 
the formation of hydrogen, carbon dioxide and 
VFA’s. In the case of acrylate, there is an initial 
evolution of hydrogen which is followed by an 
uptake of the gas. Acrylate, in this respect, closely 
resembles pyruvate in its behaviour. Pyruvate, 
serine and cysteine resembled one another in that 
acetic and butyric acids were the main acidic end 
products. In the case of threonine, propionate was 
the main VFA produced with smaller amounts of 
acetate and valerate. Acrylate gave approxi- 
mately equal amounts of acetate and propionate 
and smaller amounts of valerate. Traces of a VFA 
which had the same retention volume on the gas— 
liquid chromatogram as formic acid were produced 
from the three amino acids. 

Experiments with acetone powders of LC3 
indicate that pyruvate and «-oxobutyrate are 
intermediates in the fermentation of L-serine and 
L-threonine, respectively. The acetone powders did 
not attack L-cysteine, but in view of work on the 
metabolism of cysteine by other organisms (e.g. 
Binkley, 1943; Kallio & Porter, 1950), it seems 
reasonable to assume that pyruvate is also an 
intermediate in the fermentation of this amino 
acid. The fact that acetone powders of LC3 de- 
aminate serine and threonine but not cysteine 
shows that, in this organism at any rate, cysteine 
desulphurase is distinct from the enzyme or 
enzymes which deaminate serine and threonine. It 
is to be expected that the fermentation of serine 
and cysteine will proceed by mechanisms similar to 
that postulated for the fermentation of pyruvate 
by LC (Elsden & Lewis, 1953). The composition of 
the end products obtained both with whole cells 
and acetone powders bears this out. Serine and 
cysteine differ from pyruvate, however, in that 
small amounts of a formate-like acid are produced 
and in that the secondary uptake of hydrogen is 
small or non-existent. 

Since L-threonine gives rise to «-oxobutyrate, 
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the metabolism of this compound can, in part, be 
explained by the following reactions 


CH,.CHOH.CHNH,.COOH -> 
CH, .CH,.CO.COOH + NH, 


CH,.CH,.CO.COOH + H,O > 
CH,.CH,.COOH + 2H* + 2e+CO, 


2H* + 2e > H, 


The production of propionate, hydrogen and 
carbon dioxide, from threonine can be explained in 
this way and it would seem not unreasonable to 
postulate propionylcoenzyme A as the inter- 
mediary. The formation of acetate and valerate 
from threonine, in view of what is already known of 
the metabolism of this organism, suggests that in 
some way the C, chain of threonine is broken to 
give a 2-carbon fragment which is either converted 
into acetate or condensed with propionate to give, 
ultimately, valerate. The fermentation of threonine 
by this organism seems to differ from that by Cl. 
propionicum which was studied by Cardon & 
Barker (1946, 1947), who found that growing 
cultures of this organism converted threonine into 
a mixture of propionic and butyric acids but no 
acetic acid was found. 

No explanation is offered to account for the 
appearance of the formate-like compound amongst 
the fermentation products of the three amino acids. 

The fermentation of acrylate by suspensions of 
LC3 resembles, in its broad outlines, the fermenta- 
tion of acrylate by Cl. propionicum described by 
Cardon & Barker (1946, 1947), and it is clear from 
the amounts of acetate and carbon dioxide pro- 
duced that a considerable part of the substrate 
disappearing was oxidized. It is not unreasonable 
to suggest that in this case also the valerate pro- 
duced was synthesized by the condensation of pro- 
pionate and acetate, or derivatives thereof. 

The experiments with acetone powders present 
a somewhat different picture. In this case, during 
the fermentation of acrylate the major VFA was 
propionate. Small amounts of carbon dioxide and 
acetate were formed, and there was a large uptake 
of hydrogen. This suggests that part, at least, of the 
propionate produced from acrylate was the result 
of a direct reduction; though whether the acrylate 
itself is reduced or some derivative of it, e.g. 
acrylyleoenzyme A, is a question our experiments 
do not permit us to decide. The reduction of vinyl- 
acetate by preparations of Cl. kluyveri is very 
similar to this reduction, and the results of Peel & 
Barker (1953) suggest that vinylacetyleoenzyme A 
is the compound actually reduced. 

The amount of propionate formed from acrylate 
was greater than the. amount of hydrogen con- 
sumed so that other electron donors must be 
available. This reduction could be coupled with the 
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oxidation of acrylate to acetate. If the amount of 
acrylate oxidized in the experiment described in 
Table 4 is taken as 7-5yumoles (the mean of the 
amounts of acetate and carbon dioxide produced), 
then this will be equivalent to the reduction of 
15pmoles acrylate according to the following 
equations: 


CH,:CH .COOH + 2H,0 
+ CH,.COOH + 4H* + 4e+ CO, 


2CH,:CH .COOH + 4H* + 4e > 2CH,.CH,.COOH 


The amount of hydrogen consumed was 28-6 p- 
moles, which is equivalent to the formation of 
28-6 moles propionate. The total propionate 
formed would thus be 43-6ymoles (15 umoles+ 
28-6 uymoles) and that found directly was 45-3 p- 
moles. This is reasonable agreement. This dismuta- 
tion is similar to the dismutation of vinylacetate by 
extracts of Cl. kluyveri, discovered by Stadtman & 
Barker (19495). 

The mechanism of formation of propionate by 
LC3 has not been established. Whole cells do not 
decarboxylate succinate, and succinate added to 
growing cultures is not metabolized. Johns 
(1952), working with Cl. propionicum, an organism 
which forms propionate from both acrylate and 
lactate has obtained evidence which makes it most 
unlikely that succinate is an intermediary in the 
formation of propionate; this is in direct contrast 
to the observations with Veillonella gazogenes and 
Propionibacteria spp. He proposed the following 
mechanism: lactate > acrylate > propionate. Such 
a mechanism could account for the conversion of 
lactate into propionate by LC3, and our experi- 
ments with acrylate support this. This mechanism 
would also explain the puzzling fact that LC3, 
when grown upon lactate, produces large amounts 
of propionate and valerate but, when grown on glu- 
cose, produces negligible amounts of propionate and 
only small amounts of valerate (Elsden e¢ al. 1951). 

The similarity between Johns’s scheme for the 
formation of propionate and that put forward by 
Stadtman (1953) to account for the formation of 
butyrate by Cl. kluyveri is obvious. In the latter 
case the proposed intermediaries are coenzyme A 
derivatives of B-hydroxybutyrate and vinylacetate 
(ef. Lynen, 1953; Mahler, 1953). It remains to be 
seen whether the intermediaries in the formation of 
propionate by the mechanism proposed by Johns 
(1952) are derivatives of coenzyme A. 


SUMMARY 


1. Washed suspensions of LC3, a strain of a 
Gram-negative, anaerobic organism isolated from 
sheeps’ rumen contents, ferment L-serine, L- 
threonine, L-cysteine and acrylate with the forma- 
tion of hydrogen, carbon dioxide and volatile 
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fatty acids. Ammonia was also produced from the 
amino acids. 

2. Small amounts of an acid with the same 
retention volume as formic acid were produced 
from all three amino acids but not from acrylate. 

3. Propionate and smaller amounts of acetate, 
butyrate and valerate were formed from threonine. 
The predominant acids formed from serine and 
cysteine were acetate and butyrate. Acetate and 
propionate were the major acidic end products of 
the fermentation of acrylate along with some 
valerate. 

4. Acetone powders of LC3 decompose L- 
threonine and t-serine but not L-cysteine. At 
pH 6-5 the main products from threonine were 
hydrogen, carbon dioxide, propionate and a- 
oxobutyrate. Acetate, pyruvate, hydrogen and 
carbon dioxide were produced from serine at 
pH 6-5. At pH 9-5 more of the oxo acids accumu- 
lated. 

5. Acetone powders of LC3 metabolize acrylate. 
Under a hydrogen-gas phase, hydrogen is taken up 
and some carbon dioxide is produced, along with 
propionate and an amount of acetate approxi- 
mately equivalent to the carbon dioxide formed. 


This work was supported by funds from the Agricultural 
Research Council, to whom we express our thanks. 
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The Physical Instability of Human Red Blood Cells* 


By J. E. LOVELOCK 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 10 November 1954) 


It is well established that the internal contents of 
the red cell are not in thermodynamic equilibrium 
with its environment, but are maintained at a 
steady level by active processes. While some of the 
structural components, and the haemoglobin are 
metabolically inert (Muir, Neuberger & Perrone, 
1952), it has been shown that the cell lipids are in 
a condition of rapid metabolic turnover (Muir, 
Perrone & Popjaék, 1951; Altman, 1953). The 
exchange of cholesterol between the cells and their 
plasma by diffusion has also been reported (Gould, 
1951). The integrity of the cell depends upon the 
presence of the lipids; if it is assumed that these 
substances are free to diffuse away, then the cell 
itself can be considered as a steady-state system 
maintained intact by metabolic activity. This 
notion receives support from the observed changes 
in red cells during cold storage. 

Lovelock (1954) reported that cells stored at 
temperatures between 0 and —79° may lose a 
considerable proportion of their membrane lipids, 
and that this loss precedes their haemolysis. Cold 
storage at — 20° or lower is an effective means of 
arresting metabolic activity, but diffusion processes 
can still continue at low temperatures although at 
a reduced rate. 

The investigation of the dissolution of red cells 
at temperatures as low as — 79° is necessarily slow, 
and complicated by the presence of ice and the high 
viscosity of the suspending medium, which always 
includes glycerol. This paper reports experiments 
on the diffusion of lipid components from the red 
cell and its ensuing dissolution at temperatures 
above 0°. The loss of components was accelerated 
by suspending the cells in media maintained un- 
saturated with these components. This was 
achieved either by repeated washing or by in- 


* The experimental data recorded in this paper formed 
the basis of a dissertation which gained a Ciba Foundation 
Award (1954-5) for a paper descriptive of Basic Research 
Relevant to the Problems of Ageing. 


cluding a neutral adsorbent substance, namely 
alumina. The progress of the dissolution of the cells 
is described and the structure and state of the cell 
membrane discussed in the light of the experimental 


observations. 
METHODS 


Red blood cells. Human blood to which anticoagulant 
had been added was stored at 4° until required for use. The 
anticoagulant solution was composed of trisodium citrate, 
0-073M; citric acid, 0-035Mm; and glucose, 0-01m. It was 
added to fresh blood in the proportion of 15 ml. of anti- 
coagulant to 100 ml. of blood. Blood older than 10 days 
was not used. 

Alumina. Commercial chromatographic alumina was 
used; the particles of this substance were approximately 
100. in diameter. 

Procedure for repeatedly washing red cells. Stored blood 
was centrifuged at 3000g for 20min. The supernatant 
plasma and the top layer of cells were then pipetted off. 
The cells were then suspended in an equal volume of 
lightly buffered solution (NaCl, 0-15mM; Na,HPO,, 0-05m; 
KH,PO,, 0-05m; and glucose, 0-01Mm) centrifuged, and 
the supernatant and top layer of cells pipetted off. This 
procedure was used in order to remove as much as possible 
of the plasma with the minimum of washing. The volume 
of supernatant trapped with the cells at each of the above 
stages was less than 10%, so that the final concentration of 
the original plasma remaining with the packed cells was 
less than 1-0%. Packed cells (10 ml.) were then transferred 
to graduated centrifuge tubes and 11 ml. of the buffered 
glucose NaCl solution added to suspend them. The sus- 
pension was left for 10 min. in a water bath at 37°, then 
centrifuged for 5 min. at 3000 g, and 10 ml. of the super- 
natant were removed for analysis and the volume of the 
cells observed. A further 10 ml. of sodium chloride solution 
at 37° were then added and the suspension was returned to 
the water bath for a further 10 min. at 37°. This procedure 
was repeated 20 times. 

Exposure to alumina. Powdered alumina was weighed 
into test tubes and 9-0 ml. of sodium chloride solution 
(NaCl, 0-15M; Na,HPO,, 0-05m; glucose, 0-01m) added. 
After standing for 15 min. during which the suspension 
was gently agitated sufficient 0-1mM-KH,PO, solution was 
added to lower the pH to 7-0. The final phosphate ion con- 
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centration was usually 0-015m. Red blood cells (1-0 ml.) 
packed and washed according to the method described in 
the previous section were then added, and the suspension 
mixed by inverting the tube twice. The suspension was 
kept in a water bath at the required temperature and 
gently mixed by inverting the tube once every minute. 
After various intervals the supernatant red-cell suspension 
was pipetted off for analysis. The alumina was then washed 
twice with 0-16m-NaCl solution to remove trapped red 
cells, and the washings added to the remainder of the red- 
cell suspension. The washed alumina was analysed separ- 
ately for the lipid components adsorbed upon it. In 
experiments at temperatures below 0°, 2-0m glycerol 
was included in the suspending medium to prevent 
freezing. 

Measurement of haemolysis. After exposure to the various 
experimental conditions the red cells remaining un- 
damaged were removed by centrifugation. The supernatant 
solution was then diluted with 0-1% Na,CO,, shaken to 
convert the haemoglobin to oxyhaemoglobin, and the 
concentration of the latter measured in terms of the 
absorption of light at 52004. 

The analysis of lipids and lipoprotein. For the analysis of 
cholesterol, phospholipid, lipoprotein, or for the dry weight 
of lipids, a common extraction procedure was used as 
follows: 1 vol. of material for analysis (red cells, suspending 
media, or alumina) was added to 25 vol. of 2:1 (v/v) 
ethanol-ether mixture. This was heated to boiling for 5 min. 
and then left for 2 hr. at room temperature. The ether— 
ethanol solution was filtered and divided into three portions 
which were then evaporated to dryness in a water bath at 
50° under reduced pressure from a water pump. The dry 
weight of material extracted was obtained by direct weighing 
and the lipids analysed as follows: Cholesterol. This was 
estimated by the method of Bloor (1916). No attempt was 
made to analyse the cholesterol esters separately. The 
cholesterol in these experiments originated almost entirely 
from the cells aud the proportion of cholesterol esters 
present is likely to have been small. Phospholipid. The 
lipid phosphorus was estimated by the method of Young- 
berg & Youngberg (1930). 

Lipoprotein. The total lipid nitrogen was estimated by 
the method of Koch & McMeekin (1924). The lipoprotein 
nitrogen was obtained from the total nitrogen by sub- 
tracting from it the nitrogen contributed by the phospho- 
lipid. The accuracy of the lipoprotein estimations de- 
pended principally upon solubility in the 2:1 ethanol-ether 
mixture. The analysis of red cell suspensions by the 
methods just described for both the total dry weight of 
membrane lipids and for lipid nitrogen gave values in good 
agreement with those quoted in a monograph on the red 
cell (Ponder, 1948). The solubility of lipoprotein is never- 
theless greatly dependent upon small changes in the 
physical environment, and the possibility remains that 
some of the figures given for the dry weight of cell lipids 
and lipoprotein nitrogen are less than the true values. 





RESULTS 


The effects of repeated washing. Fig. 1 shows the 
progressive removal of lipid components from the 
red cell during twenty successive resuspensions in 
0-16m sodium chloride. The loss of volume and 
haemolysis during the experiment are also shown. 
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The cells used in this experiment had been stored 
for 10 days at + 4°. The loss of components from 
freshly drawn cells is between one-half and one- 
third as much, but proceeds in a similar manner. 
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Fig. 1. The removal of components from the red cell by 
repeated washing. The cells were suspended in 0-16m- 
NaCl for 10 min. at 37°, separated by centrifuging and 
resuspended in fresh 0-16m-NaCl. This was repeated 
20 times. +, Lipoprotein; gm, volume; @, cholesterol; 
x, phospholipid; O, haemoglobin. 
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Fig. 2. The rate of removal of components from the red 
cell by exposure to alumina. Cells suspended in 0-16m- 
NaCl were exposed to powdered alumina (500 mg. 
Al,O,/ml. of cells) at 37°. @, Dry weight of lipids; 
+, lipoprotein; @, cholesterol; x, phospholipid; O, 
haemoglobin. 


The effects of exposure to alumina. Fig. 2 shows 
the effects of exposing red cells suspended in 
0-16m-NaCl to 500 mg. of alumina/ml. of cells at 
a. 

Fig. 3 shows the effects of varying the proportion 
of alumina to red cells in experiments similar to 
that shown in Fig. 2. 
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Fig. 4 illustrates the effect of temperature on the 
loss of components from red cells exposed to 2-0 g. 
of alumina per ml. of cells, for 15 min. 

Fig. 5 shows the relationship between the 
logarithm of the rate of haemolysis and the re- 
ciprocal of the absolute temperature. 

In all the experiments using alumina the red cells 
had been stored for 3 or 4 days at + 4°. The removal 
of all components by the treatments just described 
is expressed in the figures as percentages of the 
composition of the test cells before treatment. 
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Fig. 3. The removal of components from the red cell by 
various concentrations of powdered alumina. Cells 
suspended in 0-16M-NaCl were exposed for 15 min. at 
37° to concentrations of alumina from 0-2 to 2-0 g./ml. 
of cells. @, Dry weight of lipids; +, lipoprotein; m, 
volume; @, cholesterol; x, phospholipid; O, haemo- 
globin. 
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Fig. 4. The removal of components from the red cell by 
alumina at various temperatures. Cells suspended in 
0-16m-NaCl were exposed to 1-0 g. of alumina/ml. of 
cells for 15 min. at temperatures between 15° and —5°. 
+, Lipoprotein; @, cholesterol; x, phospholipid; O, 
haemoglobin. 
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DISCUSSION 


The suspension of human red cells in 0-16M-NaCl is 
followed by a loss of lipid components of the cell 
membrane and to a lesser extent haemolysis 
(Lovelock, 1954). The loss of lipids is rapid at 
first, but after about 3min. a steady level is 
reached, and the rate of loss falls to a low value. 
The steady concentration of lipids does not appear 
to represent a simple saturation of the medium 
with these substances, but depends upon the 
previous treatment of the cells. It increases with 
the length of time the cells have been stored in 
vitro and decreases with the number of times they 
have been washed. 


Log, rate of haemolysis (% hr-') 
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Fig. 5. The haemolysis of red cells in the presence of 
alumina at temperatures between 40° and -5°. Cells 
suspended in 0-16m-NaCl were exposed to 2-0g. of 
alumina/ml. of cells for 15 min. For temperatures below 
0°, 20m glycerol was included in the suspending medium 
to prevent freezing. Where glycerol was used the experi- 
ment is indicated (x), otherwise (@). The results are 
expressed as the log. rate of haemolysis and the re- 
ciprocal of the absolute temperature. 


The effect of repeated suspensions in 0-16m- 
NaCl is shown in Fig. 1. Even after twenty washes 
only 6% of the cells had haemolysed, and the 
proportion haemolysing was constant for each 
washing. During the first seven washes, however, 
a considerable amount of the cell membrane was 
dispersed in the medium and shrinkage of the cells 
took place. Thereafter the losses of cell components 
proceeded at a rate equivalent to the loss of cells by 
haemolysis. 
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Figs. 2 and 3 show that the effects of exposure to 
alumina are closely similar to those of repeated 
washing. The haemolysis of the cells is directly 
related to the time of exposure and concentration of 
alumina. The loss of lipids, however, bears a direct 
relationship to the time and intensity of exposure 
only after a considerable proportion of the mem- 
brane has been removed. This proportion appears 
to be more or less independent of the concentration 
of alumina. 

The results suggest that the dissolution takes 
place in two steps. First, there is a rapid loss of 
superficial or surplus material which is not im- 
mediately harmful. Thereafter the rate of loss of 
membrane components is closely proportional to 
the rate of haemolysis. This suggests that any 
further loss of material from individual cells leads 
to their rapid and complete destruction. 

Figs. 4 and 5 show the effect of temperature 
upon the rate of loss of lipids and the haemolysis of 
cells exposed to alumina. Between 40 and 5° the 
rate of haemolysis proceeds in a manner consistent 
with a process governed by simple diffusion—that 
is, with an activation energy of 5500 cal. Below 
+ 5° the rate of haemolysis and loss of lipoprotein 
begins to increase, but the loss of cholesterol and 
phospholipid continues to fall. 
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alumina. The portion detached does not appear to 
be a defined superficial layer or capsule, since the 
proportion lost varies with temperature and 
duration of cold storage. The removal of this layer 
is not immediately harmful, and cells so treated do 
not haemolyse more rapidly than normal cells 
when suspended in 0-16M-NaCl. The loss of com- 
ponents is, however, accompanied by a loss of 
volume. This could result from changes in the 
internal composition of the cell due to alterations of 
its permeability. If, however, the lost volume is 
simply that which was occupied by the detached 
components it is possible to calculate the concen- 
tration of these components in the detached layer. 
The results, in particular the dry weight of the 
membrane components of the cell before and after 
treatment with alumina, suggest that the concen- 
tration of the removable layer is equivalent to that 
of a 2% lipoprotein gel. This agrees well with the 
value suggested by Mitchison (1953) based on 
birefringence measurements for the concentration 
of lipoprotein in the whole membrane. Ponder 
(1954), however, suggests that the membrane is 
much less hydrated than this and gives an estimate 
of 33 % for the concentration of membrane material 
from observations of the volume of fragmented 
ghosts. 





Table 1. The loss of components from the human red blood cell when exposed to alumina 


Quantities of membrane components from 1 ml. of red blood cells 
remaining after various treatments (units: mg. and ml.) 


ce eenown———-- **\ 


Conditions Cholesterol Phospholipid 
Fresh cells 1-21 2-7 
After 15 min. with 1 g. 1-09 2-15 
alumina/ml. of cells at 37° 
After 1 hr. at 37° in plasma 1-13 2-20 
Lost from cells 0-12 0-55 
Recovered from alumina 0-12 0-30 


Dry wt. 
Lipid N Volume Haemoglobin of lipids 
0-24 1-0 345 12 
0-15 0-75 340 7 
0-15 0-75 340 7 
0-09 0-25 5 5 
0-08 ~- 0 4-5 





Table 1, which is reproduced from a previous 
paper (Lovelock, 1954), shows that the loss of com- 
ponents from the red cell is not reversible in a 
simple manner. Cells which have been denuded of 
membrane components regain very little of their 
lost material after 1 hr. in fresh plasma at 37°. 

The experiments just described were carried out 
using cells stored at 4° in ‘acid—citrate-dextrose’ 
media, for between 3 and 10 days. During this 
period of storage there is little or no change in the 
viability of the cells as judged by their survival on 
transfusion (Loutit, Mollison & Young, 1943). It 
was noted, however, that the deleterious effects of 
both repeated washing and exposure to alumina 
increased during this period of storage. 

The experimental evidence shows that a con- 
siderable proportion of the red-cell membrane is 
easily detached by washing or by exposure to 


It seems worth considering the possibility that 
the concentration of membrane components is not 
constant throughout its thickness but increases 
radially inwards from the surface. This could 
explain the ease of detachment of the tenuous 
surface layers, and to some extent resolve the dis- 
crepancies between the estimates of the membrane 
thickness and composition. 

The classical view of the structure of the red 
blood cell membrane (Ponder, 1948) implies a 
framework of stroma protein surrounded by a 
bimolecular layer of lipids, with a sprinkling of 
antigenic protein at the surface. It seems unlikely 
that a cell possessing such a structure could lose 
a substantial part of its membrane and still remain 
intact. Among the more recent views upon the 
architecture of the red blood cell, that of Moskowitz 
& Calvin (1952) agrees best with the experimental 
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results above. They envisage a membrane com- 
posed principally of fibrils of a lipoprotein, elenin, 
lying parallel to the cell surface and cemented 
together by ether-soluble lipids. 

If the structure of the red-cell membrane sug- 
gested by Moskowitz & Calvin is accepted, then the 
physical dissolution of red cells might proceed as 
follows: when the cells are suspended in a fresh 
saline medium the surface lipids will dissolve or 
disperse in the medium, the lipoprotein which was 
held in position by the lipids will then become 
detached and diffuse away. In a medium main- 
tained continuously unsaturated with respect to 
the lipid components of the cell membrane this 
process will continue until so much of the lipo- 
protein has unravelled that the intact existence of 
the cell is no longer possible. The increase in the rate 
of haemolysis below 5° could result from a harden- 
ing of the cementing lipids, if the repair of small 
breaches in the membrane depended on their 
ability to flow. Recent investigations of the effects 
of thermal shock on red cells suggest that such a 
hardening of the lipids does in fact occur (Lovelock, 
1955). 

The free energy of the lipid components of a 
highly organized structure such as the red-cell 
membrane may be higher than that of the same 
components in their saturated solution. It follows 
that the red-cell membrane is probably unstable in 
a physical sense and its intact existence may well 
depend upon the continuous synthesis of lipid 
components, and upon the presence of a consider- 
able reserve of membrane material. The observed 
slow deterioration of living cells stored at —79° 
where all but diffusion processes are slowed to a 
negligible level is in accord with this notion. 


1955 


SUMMARY 


1. The effects on human red cells of repeated 
washing and of exposure to a neutral adsorbent 
substance, alumina, has been observed. Both of 
these treatments were found to remove consider- 
able quantities of the lipid components of the cell 
membrane, and to cause a reduction of the cell 
volume. 

2. The losses sustained by the cells during these 
treatments could not be reversed, but were not 
immediately harmful. Only slight haemolysis took 
place during and after detachment of up to 30% 
of their membrane materials. 

3. The physical stability and architecture of the 
red-cell membrane is discussed in the light of these 
observations. 
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Several methods have been suggested for deter- 
mining glutathione, in the reduced or sulphydryl 
form (GSH), and among those applied to bio- 
logical materials are: iodine titration (Tunnicliffe, 
1925; Woodward & Fry, 1932; Fujita & Numata, 
1938 a), silver nitrate titration (Benesch & Benesch, 
1950), colour development with sodium nitro- 
prusside (Fujita & Numata, 1938c; Grunert & 
Phillips, 1951), arsenophosphotungstic acid (Bene- 


dict & Gottschall, 1933) or phospho-18-tungstic 
acid (Potter & Franke, 1935), reduction of potas- 
sium ferricyanide (Mason, 1930), and coenzyme 
activity in the glyoxalase system (Woodward, 
1935). Although all these methods can give 
accurate results with glutathione in pure aqueous 
solution, only the glyoxalase method can be 
regarded as reliable in biological materials. The 
others are all subject, in varying degree, to inter- 
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ference by ascorbic acid, cysteine, ergothioneine, 
phenols, uric acid, ete.—substances for which no 
convenient means of removal as yet exists. The 
glyoxalase method, however, is claimed to be 
entirely free from interference by these substances 
(Lohmann, 1932; Woodward, 1935). 

Glutathione in the oxidized or disulphide form 
(GSSG) is not detected by any of these procedures. 
Since it is reducible to the sulphydryl form, its 
presence could be shown, and its concentration 
determined, by preliminary treatment with a 
suitable reducing agent. On indirect evidence 
Tunnicliffe (1925), using iodometric determination 
of GSH, reported that no GSSG was present in 
deproteinized filtrates of rabbit and rat tissues, 
and for the same species this conclusion was 
reached also by Dohan & Woodward (1939), 
using the specific glyoxalase method for determin- 
ing GSH and electrolytic reduction for the con- 
version of any GSSG into GSH. On the other hand, 
Thompson & Voegtlin (1926) found that treatment 
of blood and tissue trichloroacetic acid filtrates from 
a variety of animal species, particularly rat, with 
magnesium produced an increase in the apparent 
amount of GSH determined iodometrically, the 
increase corresponding to the existence of not 
more than 10% of the glutathione in the disul- 
phide form. A much larger increase in apparent 
GSH after reduction with magnesium was found in 
blood by Schelling (1932), who used the ferri- 
cyanide method of Mason (1930) but who con- 
sidered the increase due to the reduction of sub- 
stances other than GSSG. Fujita & Numata 
(19386, d) considered blood and tissue filtrates 
from various animal species to contain consider- 
able amounts of GSSG on the basis of increases in 
GSH (determined by nitroprusside or by iodine) 
following reduction with hydrogen sulphide. This 
work, however, was criticized by Dohan & Wood- 
ward (1939), who showed that under the conditions 
employed traces of hydrogen sulphide might be 
retained in the filtrates and react with sufficient 
iodine to simulate quite considerable amounts of 
newly formed GSH. Although numerous papers, 
since 1939, have reported determinations of GSH 
before and after treatment of blood and tissue 
filtrates by reducing agents, no new method has 
been introduced, and the published figures are 
such that no definite pronouncement can yet be 
made as to the existence of GSSG in vivo. 

In trials of Dohan & Woodward’s method (1939) 
for determining glutathione we obtained results 
which suggested the desirability of a minor modifi- 
cation. The object of this paper is to describe this 
modification and to report that, with the new 
procedure, the figures suggest that blood (rat, 
rabbit, human) does contain a little glutathione 
in the disulphide form. 
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EXPERIMENTAL 


Glutathione, in the sulphydryl form, was determined either 
iodometrically, or by the glyoxalase method (Woodward, 
1935). Reduction of the disulphide form of glutathione was 
accomplished by means of zine dust, or electrolytically. 
For the zinc reduction and the iodometric determination the 
procedure of Woodward & Fry (1932) was followed exactly. 

Preparation of blood and tissue filtrates. Proteins were 
removed by precipitation with sulphosalicylic acid, the 
concentration of which was varied from 2 to 4% (w/v) in 
earlier experiments and was finally fixed at 3% (w/v). 
Blood was heparinized, and 1 vol. was added very slowly 
with constant shaking to 4 vol. of sulphosalicylic acid 
solution. Very thorough shaking was necessary to ensure 
complete extraction of glutathione, since no preliminary 
haemolysis of the blood was undertaken. For tissues, 
a suitable amount was added to 5-7 ml. of sulphosalicylic 
acid solution and weighed. It was then ground with acid- 
washed sand using an all-glass mortar and pestle, the fluid 
being poured into a volumetric flask. The grinding was 
repeated several times with more sulphosalicylic acid 
solution, and the combined extracts were made up to 
standard volume and filtered. In all filtrates, whether of 
blood or tissue, the aim was to keep the glutathione con- 
centration below 0-2 mg./ml. 

Glyoxalase method. The determination of glutathione by 
the glyoxalase method depends upon measurement, in a 
Warburg manometer, of the CO, evolved under controlled 
conditions of time and pH by a mixture of washed yeast as 
enzyme source and methylglyoxal. 

Fresh baker’s yeast (Distillers Co. Ltd., Edinburgh) was 
dried as described by Albert, Buchner & Rapp (1902) and 
stored with refrigeration. For use, glutathione was removed 
from this acetone-dried material by suspending 2-3 g. in 
about 80 ml. of water, shaking thoroughly, centrifuging, 
and discarding the supernatant fluid; this was repeated 
three times. Finally, the washed yeast was made up as a 
33-36 % (w/v) suspension in water. This concentration was 
chosen since 0-5 ml. of the suspension with 0-1 mg. of 
glutathione added along with the substrate (0-2 ml. of 1% 
methylglyoxal) and 0-4 ml. of 0-2m-NaHCO, produced 
approximately 200 ul. of CO, in 20 min. The methylglyoxal 
was prepared by dilution of a 30% aqueous stock solution 
(L. Light and Co. Ltd., Bucks). Glutathione, 99-8% pure, 
was supplied by the Yeast Research Outstation of the 
Distillers Co. Ltd., Glenochil, Menstrie, Clackmannanshire; 
standard aqueous solutions were prepared containing re- 
spectively, 0-05, 0-10 and 0-20 mg./ml. 

The use of sulphosalicylic acid and its subsequent 
neutralization (Herrmann & Moses, 1945) for making the 
standard solutions was found to be unnecessary. 

The washed yeast suspension, the methylglyoxal and the 
NaHCO, solutions were first added to the main chambers of 
all the manometer flasks. Next, into the side bulbs of the 
standard flasks were measured the glutathione solutions 
(0-5 ml.) and of the others that volume of 0-8m-NaHCO, 
solution required (determined by separate titration) to 
neutralize the sulphosalicylic acid filtrate to methyl orange. 
After the standard flasks had been fitted to the mano- 
meters, the others received, in the side bulbs, their charge of 
blood or tissue filtrate and they, too, were immediately 
fitted to the manometers. The gas mixture used was 5% 
(v/v) CO, in N, and the temperature was 25°. After the 
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contents of the side bulb and main chamber were mixed, 
the manometers were shaken for 4 min. with taps open, 
and thereafter, with taps closed, readings were taken at 
intervals of 5 min. for 25 min.; the reading at the end of 
the first 5 min. was taken as the starting point and the CO, 
production during the remaining 20 min. used as the basis 
of the determination. 

Electrolytic reduction. The technique of Dohan & Wood- 
ward (1939) was used. The cathode vessel had a diameter of 
3-5 cm., the salt bridge a bore of 4-5 mm. The current was 
supplied from a 240v, 50 cyc./sec., a.c. main supply through 
a rectifier, and until the conditions were finally stabilized 
as the result of experiment the current density was varied 
by means of a 2500Q variable resistance capable of carrying 
0-34 between 2-5 and 4-3 ma/cm.?. The time of reduction 
was varied in relation to the volume of solution used and the 
current density as recommended by Dohan & Woodward 
(1939). 


RESULTS AND DISCUSSION 


Recovery of GSH and GSSG added to 
plasma or whole blood 


Glutathione (GSH) added to five samples of 
human plasma and determined by the glyoxalase 
method was recovered to the extent of 96-100 % 
(mean 98-8%); in the case of whole blood the 
recovery from seven samples ranged from 93 to 
104% (mean 97-1%) (Table 1). When oxidized 
glutathione was added, and reduced by zinc, only 
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69 % could be recovered from whole blood as GSH 
and only 52% from plasma in these experiments; 
determination of GSH was iodometric because the 
presence of zinc salts interferes with the glyoxalase 
method. Nevertheless, in pure aqueous solution, 
GSSG was quantitatively reduced by the zinc 
method. These results confirm those of Dohan & 
Woodward (1939). 


Table 1. Recovery of glutathione added to human 
plasma or whole blood using the glyoxalase method 


GSH (mg./100 ml.) 


Recovery 
Added Cale. Found (%) 

Blood plasma 
30 30 30 100 
50 50 49 98 
50 50 50 100 
25 25 25 100 
25 25 24 96 

Whole blood 
10 32 31 97 
10 32 30 94 
40 54 53 98 
40 54 50 93 
40 52 49 94 
20 56 58 104 
20 56 56 100 


Table 2. Recovery of oxidized glutathione added to human plasma using the glyoxalase method 
after electrolytic reduction 


Group A with H,O, and group B with I, as oxidizing agent for preparation of GSSG. 


Conditions of reduction 


GSSG Found as Volume Current Time of 
added GSH Recovery reduced density reduction 
(mg./100 ml.) (mg./100 ml.) (%) (ml.) (ma/cm.?) (min.) 
Group A 
50 44 88 5 4:3 10 
50 39 78 10 2-5 20 
50 44 88 5 43 10 
50 42 84 10 2-5 20 
30 29 97 5 4:3 10 
30 29 97 5 4:3 10 
25 23 92 5 4:3 10 
25 23 92 5 4:3 10 
50 42 84 5 4:3 10 
50 42 84 5 4:3 10 
50 42 84 5 4:3 10 
50 41 82 5 4:3 10 
5 49 98 5 43 10 
50 49 98 5 4:3 10 
25 24 96 5 4:3 10 
Group B 
50 50 100 5 4:3 10 
30 29 97 10 2-5 20 
30 30 100 10 2-5 20 
30 31 103 10 2°5 20 
50 50 100 10 2-5 25 
50 51 102 10 2-5 25 
50 49 98 5 4:3 10 
50 50 100 5 4-3 10 
50 4 96 5 43 10 
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The results obtained when GSSG added to 
human plasma was determined as GSH by the 
glyoxalase method after electrolytic reduction are 
summarized in Table 2. When the oxidized gluta- 
thione was prepared from the reduced form by 
means of hydrogen peroxide, the subsequent 
recovery from 15 samples of plasma ranged from 
78 to 98% (mean 89-4%). These low recoveries 
may have been due to some destruction of the 
glutathione molecule for, when oxidation of GSH 
was achieved by addition of the theoretical amount 
of 0-01 N iodine, the subsequent recovery by electro- 
lytic reduction and glyoxalase determination of 
GSH was uniformly good. In nine samples of 
plasma recoveries ranged from 96 to 103% (mean 
99-5%). Recoveries from whole blood were of 
similar magnitude. Control experiments showed 
that hydriodic acid did not interfere. 


The electrolytic reduction of GSSG in blood filtrates 


It was noticed that, when blood filtrates were 
made with the prescribed amount of 2 or 2:3% 
sulphosalicylic acid (Dohan & Woodward, 1939) and 
electrolytically reduced for 10 min. with a current 
density of 4-3 ma/cm.*, the pH rose above 4-0. In 
such filtrates the GSH content, determined by the 
glyoxalase method, was often considerably lower 
after reduction than before (Table 3). Woodward & 
Fry (1932) showed that glutathione undergoes 
moderately rapid oxidation when solutions with 
pH above 3-0 are exposed to air, although it is 
stable under similar conditions if the pH is kept 
about 2-0. The determination of GSH in a number 
of blood filtrates inevitably involves a period of 
standing after the electrolytic reduction, some- 
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times as long as lhr., before the actual mano- 
metric measurements are begun. It is evident that 
the pH of the solution after electrolytic reduction 
should be kept below 3-0, and experiments were 
therefore made in which filtrates were prepared 
with sulphosalicylic acid solutions of various con- 
centrations, the pH being measured before and 
after electrolytic reduction. At the same time, the 
influence of the current density was investigated. 
The results are recorded in Table 4. 

When 2 or 2:3% sulphosalicylic acid was used, 
the pH was about 1-8 before reduction but rose to 
over 3-5 and often over 4 when the current density 
was about 4:3 ma/cm.?, and over 3-0 even when the 
current density was reduced to about 2-5 ma/cm.?. 
Sulphosalicylic acid of 3% concentration, however, 
gave a filtrate of pH about 1-1-4 before reduction, 
and never above 2-4 even after reduction, irre- 
spective of the current density used. Under these 
conditions the apparent loss of GSH shown in 
Table 3 with 2% sulphosalicylic acid did not 
occur. 





Table 3. Apparent glutathione content of whole blood 
after electrolytic reduction (when the pH rose above 
4-0) using the glyoxalase method 


Conen. of GSH (mg./100 ml.) 
sulphosalicylic —_—_—_————" 
acid Before After 
(%, w/v) reduction reduction 
2 38 34 
2 58 45 
2 42 18 
2-3 23 20 
2-3 37 37 





Table 4. pH values of sulphosalicylic acid filtrates before and after electrolytic reduction 


Conditions of reduction 





Conen. of pH c ; — 
sulphosalicylic ao Volume Current Time of 
acid Before After reduced density reduction 
(%, w/v) reduction reduction (ml.) (ma/cm.?) (min.) 
Blood filtrate 
2-0 1-8 3-4 10 2-5 20 
2:3 1-8 3-2 10 2-5 20 
2-3 1-8 5:7 5 43 10 
2:3 1-8 4-4 5 4:3 10 
2-3 1-7 6-4 5 4:3 10 
2-3 1-6 6-1 5 43 10 
2-3 1-6 3-5 5 4:3 10 
3-0 1-4 1-8 10 2-5 20 
3-0 1-4 1-7 10 2-5 20 
3-0 1-5 1-9 10 2-5 20 
3-0 1-3 2-0 5 4:3 10 
3-0 1-4 2-4 5 4:3 10 
3-0 1-5 2-4 5 4:3 10 
3-0 1:3 2:1 5 4:3 10 
Liver filtrate 
3-0 1-1 1:3 5 4:3 10 
3-0 1-0 1-2 5 4:3 10 
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In all subsequent experiments, therefore (in- 
cluding those reported in Table 2), 3% sulpho- 
salicylic acid was used as the protein-precipitating 


agent. 
The existence of GSSG in blood 


When, in the presence of 3% sulphosalicylic 
acid, GSH in aqueous solution was measured before 
and after the electrolytic reduction procedure, the 
two figures obtained were identical; reduction 
produced neither apparent loss nor apparent gain. 
On the other hand, when whole blood filtrates were 
examined in the same way, the amount of GSH 
measured by the glyoxalase method was regularly 
greater after electrolytic reduction than before 
(Tables 5 and 7). Because of the specificity of the 


Table 5. Glutathione content of rat and rabbit blood 


Electrolytic reduction of GSSG and determination of 
GSH by the glyoxalase method. Rat blood obtained from 
abdominal aorta under Nembutal anaesthesia; rabbit blood 
by cardiac puncture without anaesthesia. Heparin was 
used as anticoagulant in all cases. The mean results (ranges 
in parentheses) are expressed in mg./100 ml. blood. 


No. of Total 

animals GSH GSSG GSH 

Rat 6 18 22 40 
(16-23) (20-25) (38-48) 

Rabbit 10 30 12 42 
(22-43) (7-21) ~— (29-54) 
glyoxalase method of determining GSH and 


because of the excellent recoveries of GSSG added 
to blood and plasma (Table 2) this appeared to 
indicate the presence of GSSG in the blood filtrates. 
It seemed possible, however, that the GSSG did not 
really exist in the original blood but was produced 
from GSH dr ring the preparation of the filtrate. 

It was observed, in the first place, that although 
thorough shaking (30sec.) or long standing 
(30 min.) was necessary during the preparation of 
the filtrate in order to ensure complete extraction 
of glutathione from the blood cells, shaking for as 
much as 10 min. did not cause oxidation of GSH 
to GSSG. Nor was there any evidence of GSH 
oxidation in the blood before protein precipitation. 
If blood was taken direct into 3% sulphosalicylic 
acid at room temperature or even cooled to 0°, the 
apparent content of GSH and GSSG was the same 
as when the blood was withdrawn in the usual way 
into a syringe, transferred to a test tube and then, 
after a few minutes, pipetted into the sulpho- 
salicylic acid solution. 

Numata (1940) reported that glutathione in 
blood appeared to be oxidized during deproteiniza- 
tion with metaphosphoric acid, and recommended, 
as a means of preventing this, that blood or tissues 
with a high haemoglobin content should be 
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saturated with carbon monoxide before deproteini- 
zation. The observations just mentioned, as well as 
the recovery experiments with added GSH and 
GSSG suggested that sulphosalicylic acid did not 
cause oxidation. As a confirmatory experiment, 
however, GSH was measured in blood filtrates 
before and after electrolytic reduction in two 
samples of the same blood, one of which was 
saturated with carbon monoxide, whilst the other 
remained untreated. Treatment with carbon mon- 
oxide did not appear to have any adverse effect on 
the glyoxalase system, for aqueous solutions of 
glutathione gave the same GSH concentration 
whether or not they had previously been saturated 
with carbon monoxide (Table 6). In the case of the 
blood filtrates the previous treatment of the blood 
with carbon monoxide produced an increase of about 
5-8 mg./100 ml. in the apparent glutathione con- 
tent of the blood, both before and after electrolytic 
reduction (Table 6). The difference in the GSH 


Table 6. Effect of saturation with carbon monoxide 
on the apparent glutathione content of blood and 
aqueous solutions of GSH 


GSH (mg./100 ml.) 





t ‘Y 
Before electrolytic After electrolytic 








reduction reduction 
a ay net =o 
Before After Before After 
saturation saturation saturation saturation 
Blood 
28 34 45 50 
24 31 40 48 
Aqueous GSH solution 
ll ll — — 
12 ll — = 





content produced by reduction was the same with 
and without the preliminary treatment with 
carbon monoxide. It is possible that the carbon 
monoxide has in some way allowed some substance 
other than glutathione to react in the glyoxalase- 
containing system or that a little GSH has been 
liberated from a normally non-reactive complex. 
However, the experiments provide no evidence to 
support the view that GSSG is formed during 
deproteinization. 

It seems justifiable, then, to conclude that the 
blood of the three species we have examined—man, 
rabbit, rat—does contain a small amount of 
glutathione in the oxidized, disulphide, form. The 
contrary conclusion of Dohan & Woodward 
(1939), in support of which the results of only two 
determinations are published, may have been due 
to their use of sulphosalicylic acid (2-3 %) such that 
the pH rose during reduction to a level which 
permitted subsequent loss of GSH. Under their 
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conditions of sulphosalicylic acid concentration, 
but with the current density in the electrolytic 
reduction lowered to 2-5 ma/em.? (which produces 
a smaller pH increase than does 4-2 ma/cm.?), we 
found some increase in GSH after reduction. The 
essential difference between our procedure and that 
of Dohan & Woodward (1939) thus seemed to lie in 
the pH control during reduction. Since, however, 
these workers, though mentioning the glyoxalase 
method, had employed the iodometric method of 
determining GSH, it seemed desirable to examine 
this method when applied to material submitted to 
electrolytic reduction with the pH kept below 3-0. 
For complete comparison a series of experiments 
using human blood was made as follows. 

Venous blood, withdrawn into heparinized 
syringes, was deproteinized immediately with 3% 
(w/v) sulphosalicylic acid solution. Four samples 
of the filtrate were examined: GSH was determined 
iodometrically in one and by the glyoxalase 
method in a second; a third was treated with zinc 
dust and thereafter GSH was measured iodometric- 
ally; the fourth was reduced electrolytically and 
then subdivided so that GSH could be measured 
both by iodate titration and by the glyoxalase 
method (Table 7). The apparent GSH increases by 
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1935), for in thirteen instances of analysis by both 
methods the ratio of the results was 1-:00+0-121 
(range 0-81-1-16) and the means were not statistic- 
ally different. When oxidized glutathione was 
determined by electrolytic reduction, the results 
given in twelve samples of blood by iodate titration 
were significantly higher than those obtained in the 
same samples using the glyoxalase method, the 
ratio being 1-37 + 0-376 (range 1-00—2-20). This was 
also the case when iodometric measurement was 
preceded by zinc reduction, the ratio (iodometry/ 
manometry) being 1-32+0-493 (range 0-83—2-25). 
Iodate titration consistently gives slightly higher 
results, after reduction, than the specific mano- 
metric glyoxalase method. This indicates that 
during the reduction process substances are pro- 
duced which are oxidizable by iodate but which are 
not GSH, since they fail to activate glyoxalase. On 
this basis, since zine reduction of GSSG is in- 
efficient, permitting only 70% recovery of added 
GSSG, whereas electrolytic reduction gives 100% 
reduction, and since substances interfering with 
iodate titration are formed in both reduction pro- 
cedures, one would expect the apparent amount of 
GSSG to be greater by electrolytic reduction than 
by zine reduction, the GSH formed being deter- 


Table 7. Glutathione analyses of human blood by various methods 


Blood obtained from the cubital vein, with heparin as anticoagulant. The results are expressed im mg./100 ml. blood. 


Iodometric method 


Glyoxalase method 








— 








(ane = 5 ary ( \ 
Zine Electrolytic Electrolytic 
reduction reduction reduction 

¢ - —, —— 

Total Total Total 

Sample no. and diagnosis GSH GSSG GSH GSSG GSH GSH GSSG GSH 
1. Normal 30 7 3 8 38 37 6 43 
2. Diabetes mellitus 17 6 23 7 24 17 7 24 
3. Duodenal ulcer 27 11 38 11 38 32 6 38 
4. Sciatica 27 7 34 7 34 31 Z 38 
5. Duodenal ulcer 29 5 34 6 35 26 5 31 
6. Normal 37 5 42 6 43 41 6 47 
7. Normal 29 8 37 9 38 25 6 31 
8. Neuritis 27 8 35 11 38 27 7 34 
9. Epilepsy 31 7 38 9 40 32 8 40 
10. Normal 29 8 37 8 37 26 5 31 
11. Normal 33 8 41 8 41 29 7 36 
12. Diabetes mellitus 26 11 37 ll 37 23 5 28 
13. Normal 37 9 46 — - 35 4 39 

whichever method it is determined, and the mined by iodometry; this is indeed the case, as is 


shown by the fact that the results obtained by 
using both methods on the same blood samples 
gave a ratio (zinc reduction/elecirolytic reduction) 
of 0-89+ 0-101 (range 0-72—1-00). 


significance of this is examined statistically, inter- 
pretation being based on the conclusion that the 
specific glyoxalase method, combined with the 
effective electrolytic reduction under pH conditions 
which preserve GSH from reoxidation, gives a 
measure of oxidized glutathione. 

For the measurement of preformed GSH in blood 
the iodometric method and the glyoxalase method 
are equally reliable (as was found by Woodward, 


The existence of GSSG in tissues 
In contrast to blood, extracts of liver, pancreas 
and kidney from rabbits or rats, prepared with 3% 
sulphosalicylic acid, showed no consistent increase 





702 S. K. BHATTACHARYA, J. S. 


in glutathione content using the glyoxalase method 
and electrolytic reduction (Table 8). This result, 
indicating that no appreciable quantities of GSSG 
exist in these tissues (the reduction of this sub- 
stance during extraction is improbable), is in 
agreement with the findings of Dohan & Woodward 
(1939) and Herrmann & Moses (1945). In the course 
of these measurements we found, as Woodward 
(1935) had done, that the iodometric method gave 





Table 8. Glutathione content of rat and rabbit tissues 
(mg./100 g.) before and after electrolytic reduction 
using the glyoxalase method 


The results are means with ranges in parentheses. 


No. of Before After 
expts. reduction reduction 
Rat liver 6 218 212 
(134-297) (150-261) 
Rat pancreas 4 51 53 
(46-60) (47-60) 
Rat kidney 3 89 82 
(67-108) (67-101) 
Rabbit liver 2 264 268 
(243-284) (251-284) 
Rabbit pancreas 2 41 46 
(31-50) (41-50) 


erroneously high results in tissue extracts, although 
in blood filtrates its agreement with the mano- 
metric method was good. Ennor (1939), on the 
other hand, considered that the error lay in the 
glyoxalase manometric method, the contention 
being that sulphosalicylic acid interfered with the 
activity of the enzyme. Actually his experimental 
results showed that glutathione was accurately 
measured by the glyoxalase method in the presence 
of sulphosalicylic acid, and our own investigations 
have amply confirmed this. 


SUMMARY 


1. The reduced glutathione (GSH) content of 
blood can be estimated equally well by the iodo- 
metric and glyoxalase methods. Only the latter 
method is reliable for the estimation of GSH in 
tissues. 

2. Slight modifications in the procedure of 
Dohan & Woodward (1939) have been suggested 
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for the accurate estimation of total glutathione 
(reduced plus oxidized) in blood using the glyoxa- 
lase method and electrolytic reduction. 

3. It has been demonstrated by the modified 
technique that considerable amounts of oxidized 
glutathione (GSSG) are present in blood cells 
(human, rabbit and rat). 

4. The iodometric method is unreliable for the 
accurate estimation of total glutathione in blood 
since interfering substances are liberated during the 
reduction of GSSG to GSH. 

5. Unlike blood, tissues (liver, kidney, pancreas) 
of rabbits and rats do not contain any measurable 
quantity of GSSG. 


One of us (S.K.B.) wishes to thank the University of 
Edinburgh for a Post-Graduate Research Fellowship which 
made possible his participation in this work. 
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Micro-estimation of Porphyrins in Bones, Teeth and Shells 


By T. K. WITH 
Central Laboratory, County Hospital, Svendborg, Denmark 


(Received 17 February 1955) 


Porphyrins are known to be deposited in bones and 
teeth of men and animals with congenital porphyria 
(Borst & K6nigsdérffer, 1929; Maacke, 1931; 
Rimington, 1936), as well as in the shells of several 
species of molluscs (Comfort, 1949a, 6), and the 
porphyrins found in these structures are known to 
be uroporphyrins. During the study of Danish 
strains of pigs and cattle with congenital porphyria 
(Jorgensen & With, 1955) it was found desirable 
to arrive at a method of analysis giving an easy 
and accurate classification of the severity of the 
porphyria of the individual animal, and quanti- 
tative determination of the porphyrin in the teeth 
of the living animal and in the skeleton after 
necropsy was found to meet these requirements. 
Earlier investigators studying porphyrins in 
hard structures (Rimington, 1936; Comfort, 1950) 
employed relatively large amounts of material and 
rather laborious procedures including defatting of 
the bones. The method described below requires 
only about 50 mg. of material or even less and is 
extremely simple; it does not include defatting. 


EXPERIMENTAL METHODS 


The method is based on the finding that porphyrin from 
hard structures is easily and quantitatively extracted, 
without previous defatting, with dil. HCl if the structures 
are finely minced to a powder with a saw or file before the 
extraction. The concentration of 0-5n-HCl was preferred 
because Sveinsson, Rimington & Barnes (1949) and 
Rimington & Sveinsson (1950) used this strength of acid for 
spectrophotometric estimation of uroporpyrins. If file dust 
from bones, teeth or shells containing porphyrins is 
inspected in Wood’s light, a beautiful red fluorescence is 
seen, and after addition of 0-5N-HCl (about 5 ml./50 mg. 
solid) and energetic shaking for about 1 min., the fluor- 
escence is seen to have passed from the powder into the 
solution; if the powder is centrifuged down it shows no 
more fluorescence. 

The minute teeth from newborn pigs with congenital 
porphyria are often very dark-brown and sometimes almost 
black; and this colour cannot be due to porphyrin alone 
because such black teeth do not always fluoresce in Wood’s 
light. If the teeth are treated with 2-3 ml. of 0-5n-HCl 
after appropriate mincing, the porphyrin goes into solution 
while the black non-porphyrin pigment remains undissolved 
and can be removed by centrifuging. In several cases 
black teeth which did not show fluorescence on direct 
inspection yielded HCl extracts with marked red fluor- 
escence. 

If concentrated hydrochloric acid, giving complete dis- 
solution of the bony structures, was employed, and dilution 


to 0-5n performed before the reading, the results were 
lower than after extraction with 0-5n-HCl. Most of the 
porphyrin was extracted in 1 hr., but if the extraction was 
prolonged to 24 hr. the results were somewhat higher. 

Analytical procedure. First the material is inspected in 
the light from a Wood’s lamp (e.g. an Osira mercury dis- 
charge lamp with Wood’s glass as used by Rimington (1943) 
or an Osram analytical bulb, type HQV 300, 75w as 
employed in the present studies) to choose the parts from 
which material is to be removed for analysis, and these 
parts are marked. Then powdered material is produced with 
a saw or file from the marked parts. Small objects like 
teeth from newborn pigs are crushed in a mortar. Then 
about 50mg. of material are weighed into a centrifuge 
tube and 5 ml. of 0-5n-HCl added, the tube is corked and 
shaken vigorously for about 1 min. After standing for 
lhr. the tube is centrifuged to remove the powder sus- 
pended in the solution, and the reading is performed in a 
spectrophotometer at 380 mu., 430 my., and at the Soret 
maximum (405 mu. for uroporphyrin); in each case the 
maximum is determined by measuring at 403, 404, 405, 406 
and 407 myz., and the highest extinction measured is 
employed. From the reading, the volume of the solution 
and the weight of the material extracted the porphyrin 
concentration is calculated by means of the following 
equations (Rimington & Sveinsson, 1950): d=22,,,, — 
(Eggo + Eggo); 2° =d/1-844; djt;:=0-65 corresponds to 
1 yg. of uroporphyrin/ml. of solution inthe cell (Z}%, at the 
Soret maximum in 0-5n-HCl for uroporphyrin I is 6517). 
The measurements were performed with a blank consisting 
of 0-5n-HCl. 


RESULTS 


Table 1 presents analyses carried out on different 
bones from the same pig with three different 
extraction methods; each of the bones used was 
filed until sufficient powder was produced to give 
six portions of about 50mg. each. Only the 





Table 1. Duplicate analyses of pig bones 
by three methods 


Method ... I I Iil 
25% HCl to complete 


0-5N-HCl, 0-5N-HCl, dissolution. Dilution 
1 hr. 24hr. __to 0-5N before reading 
Porphyrin (yug./g. bone) 
Fibula 106 132 57 
103 126 95 
Tibia 106 1ll 72 
104 118 78 
Femur 131 156 113 
166 163 108 
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Table 2. Porphyrin concentration at different locations (designated I and II) of the same bone 
and in different bones of the same animal 


Costa 


Mandibula 


Bone 
- 


Il I I 


Femur Ulna Ileum  Pubis 


A 


£ a" 


I II I 


(ug./g. of bone) 


10:3 6-0 
8-7 9-2 
94 33 


cortical substance of the diaphyses was employed. 
Apparently the porphyrin is partially destroyed by 
the strong hydrochloric acid and the extraction is 
not quite completed in 1 hr. with dilute acid. 

Variations of the porphyrin concentrations from 
one fart of the skeleton to another is illustrated by 
Table 2. The distribution of the porphyrin is not 
even and significant variations within the same 
bone may occur. This is most easily demonstrated 
on direct inspection of the structure in Wood’s 
light. Some variation from one long bone to the 
other in the same animal is already seen in Table 1, 
but this point is more clearly illustrated by 
Table 2. 

The pigs I and II were full sisters. The figure 33 
from the bull’s lower jaw was from the spongious 
portion of the condyl process, and 94 from the 
cortical bone of the mandibular body. 

Teeth from newborn pigs with porphyria con- 
tained from a fraction of 1 y»g./g. up to 165 ug./g. 
and teeth from cattle with porphyria (at present 
only four studied) 25-240 yg./g. 

Bones from an ox which died as long ago as 1920 
and had since been stored in formalin as a museum 
specimen at the pathological museum of the 
Royal Veterinary School, Copenhagen, showed 
82 ug./g. 

In a shell from the Persian pearl-oyster (Pinctada 
vulgaris) the whole shell showed 87, its dark parts 
136, and its light parts 73-5 ug./g. 


SUGGESTIONS 


If one wants to subject porphyrin extracted by 
means of hydrochloric acid from bony structures to 
closer qualitative analysis, the easiest method 
is to dilute the HCl to 0-1N and adsorb on tale; 
McSwiney, Nicholas & Prunty (1950) state that the 
most convenient pH for tale adsorption is 3-4, but 
neutralization of the extracts from the bony 
structures to this pH gave precipitation of the 
porphyrins, and the adsorption of the porphyrins 
on the tale was found to be nearly complete at 
pH about 1. The calcium salts may be removed 


11-0 


from the tale by washing with dil. HCl and distilled 
water, and the porphyrins can be eluted with 
acetone—HCl, or with methanolic HCl as esters. 


SUMMARY 


1. An easy method of micro-determination of 
porphyrins in bony structures is described. The 
material is powdered with a saw or file and the 
powder extracted with 0-5n hydrochloric acid 
without previous defatting. The porphyrins are 
determined by spectrophotometric measurement in 
the extract after centrifuging. 

2. Some results of the use of this method are 


given. 
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